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Chapter 1 General Introduction 
1 Plasma classification 
1.1 Thermal equilibrium plasma and non-thermal equilibrium plasma 
Plasma is a more or less ionized gas. It is considered the fourth state of matter beside solid, 
liquid and gas. In fact, most of the observable matter (more than 99%) in the universe is in the 
plasma state. From a macroscopic point of view, plasma is electrically neutral. However, plasma is 
electrically conductive and a lot of free charge carriers are contained in it [1].  
Depending on the amounts of energy transferred to the plasma, the plasma properties change in 
terms of electron density and electron temperature. These two parameters distinguish plasmas into 
different categories (see Fig. 1-1) [2]. Generally, plasmas are divided into two categories: thermal 
equilibrium plasma (thermal plasma) and non-thermal equilibrium plasma (cold plasma). In thermal 
plasma, transitions and chemical reactions are controlled by collisions and not by radiative processes. 
Moreover, collision phenomena are micro-reversible in thermal plasma, suggesting that each kind of 
collision is balanced by its inverse (excitation/de-excitation; ionization/recombination; kinetic 
balance) [3]. Therefore, in thermal plasma the electron temperature is equal to the gas temperature 
(depending on the temperature of heavy particles).  
Non-thermal equilibrium plasma (cold plasma) can be described by two temperatures: electron 
temperature (Te) and heavy particle temperature (Th). Because of the huge mass difference between 
electrons and heavy particles, the plasma temperature (or gas temperature) is determined by Th. On 
the other hand, the electron-induced de-excitation rate of the atom is generally lower than the 
corresponding electron-induced excitation rate because of a significant radiative de-excitation rate. 
Therefore, the density distribution of excited atoms in cold plasma is possible to depart from 
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Boltzmann distribution, suggesting that the gas temperature is much lower than the electron 
temperature [4-7].  
1.2 Atmospheric pressure non-thermal equilibrium plasma 
Fig. 1-2 shows effect of gas pressure on electron temperature (Te) and gas temperature (Tg) [2]. 
It can clearly see that at a lower pressure (10-4 ~ 10-2 kPa) gas temperature is much lower than 
electron temperature. The heavy particles are excited or ionized through inelastic collisions with 
electrons. These inelastic collisions do not raise the temperature of heavy particles. However, 
collisions in the plasma intensify when the gas pressure becomes higher. They lead to both plasma 
chemistry (by inelastic collisions) and heavy particles heating (by elastic collisions). Then, the 
difference between Te and Tg decreases; plasma state is close to the thermal equilibrium state. How 
to prevent heavy particles from being heated is crucial to generate non-thermal equilibrium plasma at 
atmospheric pressure. It was found that the density of the feeding power affects the plasma state 
(thermal equilibrium or not) at a large extent. Namely, a high power density lead to atmospheric 
pressure thermal equilibrium plasma (e.g. arc plasma); a low density of feeding power or a pulsed 
power supply lead to atmospheric pressure non-thermal equilibrium plasma. 
2 Dielectric barrier discharges (DBDs)  
Dielectric barrier discharges have been known for more than one century. First experimental 
investigation was reported by Siemens in 1857 [8]. They concentrated on the generation of ozone by 
using DBDs. Nowadays, DBDs are widely used to generate atmospheric pressure non-equilibrium 
plasmas in a controllable way.  
Generally, planar and cylindrical electrode arrangements are used in DBDs. (see Fig.1-3) [9]. 
No matter what kind of electrode arrangement is employed, the presence of one or more dielectric 
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layers between the metallic electrodes across the discharge gap is essential for the discharge. First, 
the dielectric is able to limit the discharge current and can avoid occurrence of the arcing transition. 
Second, the dielectric distributes microdischarges (streamers) randomly on the electrode surface 
since the formation of microdischarges is due to the electron accumulation on the dielectric layer. 
Typical materials for dielectric barriers are glass, quartz and ceramics. Plastic foils, teflon plates, 
silicone tube and other insulating materials can be used as well [9].  
2.1 Filamentary mode barrier discharges 
 DBDs have been studied by many researchers [10-17]. There are two different modes of DBDs 
(filamentary mode and diffuse mode). DBD is generally operated in the filamentary mode. If the 
local electric field strength in the gas spacing gap reaches the ignition level, the breakdown occurs at 
many points followed by the development of filaments, named microdischarges. A large number of 
microdischarges were observed in most gases when the pressure is in the order of 105 Pa. The 
development of microdischarges can be sub-divided into three steps [9, 18]: 
(1) The pre-breakdown phase. A negative space charge of electrons (or negative ions due to 
attachment) is accumulated in front of the anode (according to the polarity of the half cycle of 
applied voltage). The pre-breakdown phase lasts for at least 0.5 ms. Then, a high local electric field 
strength is formed in front of the anode. If it reaches a certain critical level, the breakdown starts 
from the anode surface. 
(2) The propagation phase. This phase is controlled by an ionization wave (i.e. a wave of high local 
electric field strength) in the direction to the cathode. Pairs of ions and electrons are produced on the 
way of the ionization wave. This phase typically takes 1 ~ 2 ns. 
(3) The decay phase. The decay phase is characterized by the charge accumulation on the dielectric 
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surface compensating the external electric field. Both the emission radiation and current pulses of 
the microdischarges decay in this phase.  
The microdischarges are of nanosecond duration. They are uniformly distributed over the 
dielectric surface. In the next half cycle of the applied voltage, the formation of microdischarges 
renews inversely. The dielectric barrier limits the amount of the transferred charge and the energy 
deposited in a single microdischarge channel. Therefore, non-thermal equilibrium plasma is able to 
be generated at atmospheric pressure by DBD. Figure 1-4 shows the effect of the time constants on 
the relevant processes in the filamentary DBDs [9]. It can see that the development of 
microdischarge channels, which is characterized by the production of energetic electrons, takes place 
in the range of ns. However, the phase of plasma chemical reactions by atoms, radicals, excited 
species and short wave radiation typically starts within the minisecond scale. The production of 
active species is controlled by the properties of the microdischarges, namely by the reduced local 
electric field strength and electron density. The properties of the microdischarges in filamentary 
DBDs do not depend on the external driving circuit (e.g. the frequency, feeding voltage and 
waveform) over a wide range of operation conditions. They are mainly controlled by the feeding gas 
composition. 
2.2 Diffuse (glow) mode barrier discharges 
Under certain operating conditions, a diffuse (glow) mode of DBD can be obtained. In 1976, 
Donohoe investigated a uniform glow discharge with pulsed excitation in helium/ethylene mixtures 
[19]. In 1987, Okazaki and coworkers operated barrier glow discharges at 50 Hz sinusoidal feeding 
voltage, using an electrode configuration of two metal foils covered with a special metal mesh and 
ceramic dielectrics in helium, nitrogen and air etc. with and without certain organic additives [20-22]. 
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They proposed the term “APGD” (atmospheric pressure glow discharge) for the first time. In 1992, 
Massines and co-workers investigated barrier glow discharges in helium and nitrogen in detail 
[23-25]. The generation of stable diffuse DBD at atmospheric pressure requires special operation 
conditions, which mainly depend on the properties of feeding gas. Comparing to the conditions of 
the filamentary mode DBD, effective pre-ionization, Penning ionization via metastables, and 
primary ionization in the low electric field are very important for the generation of diffuse mode 
DBD [9]. Additionally, the diffuse mode DBD is sensitive to impurities, admixtures, metastables and 
residual ions. The densities of residual species from the previous half period that can initiate the 
diffuse discharge in the next half cycle are dependent on the repetition frequency. Therefore, the 
feeding voltage frequency plays an important role in the transition to the diffuse mode. Some 
dielectric materials can trap considerable amounts of charges uniformly on the surface. When the 
electric field changes its polarity, the charge carriers are expelled from the surface and initiate a 
diffuse discharge [26]. The required operation conditions have been obtained in helium, neon and 
pure nitrogen gas.  
Many efforts have been implemented to understand the formation mechanism of the diffuse 
DBD. So far, considerable progress was made to better understand the formation of diffuse DBD. 
The basic mechanisms of diffuse DBD are strongly affected by the properties of the feeding gas. 
This can be illustrated by the comparison of the DBD in helium and nitrogen. The dominant 
ionization and excitation mechanisms for both gases are quite different. In helium plasma, effective 
ionization and excitation processes occur in the electric field of the cathode region through direct 
collisions of atoms with energetic electrons or through three body processes, generating He+ and 
He2+ ions [27, 28]. Penning ionization processes via nitrogen impurities in helium gas seems to be 
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important, too [28]. On the contrary, in nitrogen plasma ions and electrons are probably generated 
through another mechanism. Kinetic models of diffuse DBD in the nitrogen plasma come to the 
conclusion that Penning ionization through two body collisions of metastable nitrogen molecules 
producing N4+ ions and electrons are very important [29]. On the other hand, recent simulations 
showed that surface electrons should also be considered in the current balance for efficient primary 
ionization processes at low electric field strength, these surface electrons are expelled and initiate a 
diffuse discharge when the electric field changes its polarity [30]. Nitrogen metastable molecules as 
well as N2 (C3∏u) molecules are effectively generated by electron collisions. In the mixtures of 
nitrogen and oxygen, the nitrogen metastable molecules are quenched considerably by molecular 
oxygen, which results in a significant decreased in the densities of nitrogen metastables. Therefore, 
in nitrogen gas with an addition of trace of oxygen gas, the direct ionization of nitrogen molecules (E 
≈ 18.7 eV) in the ground state by energetic electrons is dominant [31]. This process requires 
electrons with energy at least of 18.7 eV (i.e. much higher local field strength is needed). Therefore, 
when most of nitrogen metastables are quenched, there is no other way for the discharge 
development. It well explains that diffuse mode transits to filamentary mode when trace of O2 gas is 
added into the nitrogen plasma [31].  
3 Electrical and optical characterizations of atmospheric pressure cold 
plasmas 
3.1 Electrical characterization of atmospheric pressure cold plasma  
As discussed above, dielectric barrier discharges (DBDs) are widely used to produce 
non-equilibrium plasmas at atmospheric pressure. In order to understand the nature of DBDs, the 
important discharge parameters (such as discharge voltage, discharge current, transferred charge, 
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dissipated electric power etc.) must be characterized. Generally, the impedance of the entire load and 
not just of the discharge was measured electrically. To characterize the overall discharge behavior, 
an equivalent electric circuit can be used. An example of such a circuit is shown in Fig. 1-5 [9]. In 
this case, one side dielectric barrier discharge is employed. As long as the gap voltage (Ug) is smaller 
than the ignition voltage (breakdown voltage), there is no discharge and the plasma device acts as a 
series combination of two capacitances: the gap capacitance (Cg) and the capacitance (Cd) 
representing the dielectric. Then the total capacitance C is given by the expression: 
 ( )1 1
d g g g
d g g d r
C C C CC = = =
C +C +C C +d gε                                （1-1） 
Typically g ≈ d, the term Cg / Cd = d / (εrg) ≈ Ud / Ug «1 (Ud represents the voltage across 
dielectric barrier). Therefore, the total capacitance (C) mainly depends on the capacitance of the gas 
gap (Cg). The gap voltage (Ug) is close to the feeding voltage. If Ug reaches the ignition voltage, 
microdischarges are initiated. Within every half cycle, the discharge voltage remains approximately 
constant, although the current flow through discharge gap is maintained by a large number of 
microdischarges. Figure 1-6 shows a general setup for electrical measurement of DBD [9]. 
Capacitance C represents the DBD fed by an applied voltage. The current pulse shape and the 
charge-voltage characteristic can be recorded alternatively using either a resistance Rmeas (Rmeas ≈ 50 
Ω) or a capacitance Cmeas (Cmeas ≈ 10 nF) by using an oscilloscope. The applied high voltage is 
measured by a high-voltage probe. Using this measurement set up, the important electric operation 
parameters of DBDs, such as discharge voltage and discharge current can be measured. The 
discharge voltage (UD) can be calculated by the following expression [9]. It is close to the measured 
voltage (Umea) since Cg / Cd = d / (εrg) ≈ Ud / Ug «1.   
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mea
1
1
D
g d
U U
C C
= +                                                (1-2) 
The dissipated electric energy consumed per voltage cycle (Eel) can be measured by the Lissajous 
figure (see Fig.1-7) [9, 32].  
min max min
1( ) ( ) 4 ( )
1
el meas meas d
g d
E U t dQ C U t dU C U U U
C C
= = −+=∫ ∫      (1-3) 
Obviously, the dissipated electric energy consumed per voltage cycle (Eel) is equal to the area of 
Q-U diagram shown in Fig. 1-7. Then, the dissipated electric power (consumed electric energy) can 
be estimated by the following expression: 
1P e l e lE fE
T
= =
                                              (1-4) 
The number of microdischarge series per half cycle (NT/2) can be derived under the assumption 
that all series transfer an identical charge ΔQ by the following expression. 
( )2 m ax m in2T dCN U UQ≈ −Δ                                       (1-5) 
Assuming that all microdischarges of one series (causing one single current pulse) have nearly 
identical properties, then ΔQ ≈ nq, where n is the number of microdischarges in a series and q is the 
charge transferred by one single microdischarge. The quantity of charge transfer is mainly 
determined by the categories of dielectric and the width of gap spacing [9]. 
3.2 Optical characterization of atmospheric pressure cold plasma (OES) 
As we discussed above, heavy particles (gas molecules) are excited and ionized through the 
collisions with energetic electrons. However, the electron-induced de-excitation rate of the excited 
molecules, atoms or ions is generally lower than the corresponding electron-induced excitation rate 
in the non-equilibrium plasma. Therefore, the active species (excited molecules, atoms, and ions) in 
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plasma emits light through a significant radiative de-excitation. Optical emission spectroscopy 
(OES) is well known as a non-invasive and non-disturbing technique for plasma diagnostics [33-37]. 
In the OES measurement, light emitted from active species in the plasma is collected through a 
spectrometer. Using OES, active species in the plasma can be identified. We can explore the 
mechanism of plasma chemical reactions by monitoring the emission intensities of active species. 
Assuming that the plasma is local thermodynamic equilibrium, the gas temperature is equal to the 
rotational temperature of a certain active species. Therefore, OES can also be used to evaluate the 
gas temperature from the optical emission spectral profile shape of a certain molecular active species 
(e.g. N2 or NO) [38-39]. Generally, a special OES simulation program is used to analyze the 
radiating species and thermodynamic characteristics of the plasma. Using this professional software, 
rotational and vibrational temperatures of excited molecules are obtained from the emission spectra 
by matching the experimental results with the simulation results. Recently, several research groups 
[40–43] focused on spatially and temporally resolved spectroscopic measurements. The 
measurement of temporally and spatially resolved spectra is the basis for the derivation of the 
electric field strength distribution. Nowadays, this technique is becoming the most promising tools 
for better understanding of physical and chemical processes in plasma.  
4 Atmospheric pressure cold plasma jets and the applications 
4.1 Glow to arc transition 
Currently, a variety of atmospheric pressure cold plasma jets have been developed such as 
atmospheric pressure plasma jet (APPJ), cold plasma torch, one atmosphere uniform glow discharge 
plasma and micro-plasma etc. [44-49]. However, we have to confront some problems during the 
development of atmospheric pressure cold plasma jet. As we discussed above, atmospheric pressure 
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non-thermal equilibrium plasma only can be generated by either a low density of feeding power or a 
pulsed power supply. Therefore, if we simply increase the gas pressure in a low pressure glow 
discharge, the glow discharge will transit to arcing since atmospheric pressure glow discharges face 
a variety of instabilities [45, 46]. In order to understand the reason for this transition, we have to 
retrospect some important properties of glow discharge. At a given pressure, the current density and 
the discharge voltage in a normal glow discharge are constant. The total discharge current increases 
with the increasing coverage of the electrode. When the electrode is fully covered with the glow, a 
further increase in the current will cause an increase in the current density, which followed by an 
increase in the discharge voltage. The discharge with such characteristics is called an abnormal glow 
discharge. Hence, the minimum current density to sustain a glow discharge is the current density of a 
normal glow discharge [50]. For a given total current, the current density of the normal glow 
discharge is proportional with the square of the gas pressure. For example, an increase in the gas 
pressure from 1 Pa to atmospheric pressure would increase the normal current density by a factor of 
1010. In case of steel electrodes, the normal current density would grow up to almost 100 A/cm2 in 
argon discharge [45]. These numbers give us an impression of the power density dissipated in the 
sheath of a normal glow discharge at atmospheric pressure, especially for argon atmospheric 
pressure cold plasma jet. Thus, we have to restrict the total current below this critical value, which 
avoids the glow-to-arc transition. Therefore, generally atmospheric pressure glow discharges only 
can be sustained with a small discharge scope, which is not efficient for the material processing. In 
order to develop atmospheric pressure cold plasma with wider discharge area, some measures must 
be taken, such as the forced cooling of electrodes, using helium as working gas since its normal 
current density is much lower than other gases [50]. Furthermore, we can restrict the discharge time 
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to a value below the time constant for glow-to-arc transition. This can be achieved by using a pulsed 
discharge or dielectric barrier discharge. Additionally, using high gas velocities is effective to reduce 
the residence time of the working gas in the discharge region [50]. 
4.2 RF discharges 
Generally, uniform atmospheric pressure plasma jets can be generated by dielectric barrier 
discharges (DBDs) or RF discharges. We have discussed the DBDs above in details. In DBDs, 
dielectric materials are used to cover one or both electrodes; high voltage in the frequency range of 
several kHz is employed to ignite the discharge. Charge accumulation on the dielectric layer, which 
covers the electrodes, causes a drop of the voltage across the plasma. Therefore, DBDs are 
self-pulsed discharges that can restrict the discharge current and avoid arcing [50]. Radio frequency 
(RF) discharges have also been used to generate atmospheric pressure cold plasma jet with devices 
that are similar to DBDs or with devices where the electrodes are bare metal [51-53]. With bare 
metal electrodes, glow-to-arc transition occurs easily; therefore, the electrodes have to be cooled and 
the gas flow rate has to be adjusted to a certain level to minimize the risk of glow-to-arc transition. 
RF driven plasma devices require impedance matching between the power source and the plasma to 
optimize the dissipated power in the plasma and minimize the reflected power. Many studies were 
performed on the focus of the RF discharges [54-75]. It was found that two kinds of RF discharge 
modes were observed in atmospheric pressure cold plasma jets, the α-mode and the γ-mode [62]. In 
the α-mode, the discharge is sustained by the bulk ionization. The electrons oscillate with the drifting 
amplitude and are trapped in the bulk plasma region [50]. Then, the α-sheath forms since the 
electrodes serve as a tank for electrons. For helium atmospheric pressure plasma, the thickness of the 
α-sheath is in the order of 0.25 mm [50]. In the γ-mode, the discharge is sustained by secondary 
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electron emission from the electrode surface. The sheath thickness in the γ-mode is at least one order 
of magnitude smaller than that of the α-mode. Figure 1-8 shows the comparison of emission 
intensity profiles between electrodes for the α-mode and the γ-mode RF discharge in helium gas 
[50]. 
According to Raizer [77], when the product of gas spacing and gas pressure exceeds a critical 
value, the α-mode discharge becomes unstable and the α-mode discharge transits into the γ-mode or 
a coexisting α and γ mode discharge. Depending on the plasma device and the operating conditions, 
an upper discharge current or discharge power limit exists for the α-mode discharge, where the 
breakdown of the α-sheath occurs. The decrease in sheath thickness is followed by a decrease in the 
discharge voltage. When the voltage needed to sustain the γ-mode discharge is much lower than the 
voltage needed to sustain the α-mode discharge, only a pure γ-mode will be observed [51, 54, 63, 74]. 
However, when the γ-mode discharge voltage is comparable to the α-mode discharge voltage, then a 
coexisting α-mode and γ-mode discharge will be observed [51, 54].  
4.3 Ejection mechanism of plasma jet 
By DBDs or RF discharges, the issue of glow-to-arc transition has been overcome; and a 
variety of plasma devices have been developed to generate non-equilibrium plasma jets at 
atmospheric pressure. However, until now there have not been many studies to investigate the 
physical processes, which can explain the ejecting behavior of plasma jet. Intuitively, the jet is 
blown out the plasma device by flowing gas at flow rate of several liters per minute [49]. Generally, 
the jet is initiated and maintained in an atmospheric pressure environment. In most cases, the 
environment is the surrounding atmosphere. Theoretically, we should understand how the jet is 
ejected and maintained in the atmosphere where the electric field is very weak or even non-existent. 
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It was found that the traveling velocity of plasma jet is several orders of magnitude faster than the 
gas flow velocity [78]. Therefore, photo-induced ionization should be considered in the formation of 
plasma jet. Lu and Laroussi [78] proposed a photo-ionization-based model to explain how the jet is 
formed by their plasma device (a device driven by nanosecond pulsed high voltage). This model 
maybe is applicable to other plasma jets. In their model, they assumed that at a given instant time the 
cathode-directed streamer head is a sphere with radius r0 and n+ space charge. As the streamer head 
moves forward, it leaves behind a quasi-neutral ionized channel with a very low conductivity [49]. 
The head is not connected to the anode and only the streamer head is measurably luminous. This 
assumption is consistent with their experimental investigation [78]. Assume that a single 
photoelectron is created at a suitable distance r1 from the center of the sphere because of photon 
emission from the streamer. With the influence of the electric field formed by the space charge, the 
electron is accelerated towards the sphere and an avalanche is initiated. In moving toward the sphere, 
from r1 up to a certain point r2, the electron forms an avalanche multiplication (n) and diffusion 
radius (r0). The multiplication n and radius r0 are expressed as follows [49]:  
1
2
exp dr
r
r
n α= ∫ ,                                                        (1-6) 
1
2
0
1
2
6
r
dr
Dr dr
v
⎛ ⎞= ⎜ ⎟⎝ ⎠∫ ,                                                    (1-7) 
where α is Townsend’s first ionization coefficient, D is the diffusion coefficient, and vd is the 
electron drift velocity. If the multiplication up to the sphere is sufficient, the electrons neutralize the 
positive charge and leave behind a new positive region. In principle, the value of r1 could be 
obtained from the number and the type of photons emitted from the sphere within a particular solid 
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angle. The absorption coefficients and ionizing efficiency should also be considered. Since the 
complete data on these quantities is not available, r1 is taken as the distance at which the ionization 
and attachment rates are equal, where the reduced electric field is 30 V /cm-1.mmHg-1 (in air) [79]. 
According to Dawson and Winn [79], the following three requirements must be fulfilled for the 
streamer propagation under low or zero electric field. (1) The number of new positive ions created 
by the avalanche must be equal to the number of ions in the original sphere (n+); (2) The diffusion 
radius of the avalanche head must be smaller than r0; (3) the avalanche must reach the required 
amplification before the two charge regions begin to overlap, (i.e., 2r0 ≤ r2). Next, r2 and r0 are 
calculated as follows. First, a value of n+ is given. Second, the electric field as a function of r from 
simple electrostatics is calculated from the following expression [49]:  
2
0
QE =
4 rπε                                                            (1-8) 
As described above, the distance r1 is determined as the distance at which the reduced electric 
field strength is equal to 30 V /cm-1.mmHg-1. r2 is then calculated from Equation (1-6) when n is 
equal to n+. The Townsend’s first ionization coefficient α is calculated from the following expression 
[49, 80]: 
115 exp( 365 )cmp p Eα −= ⋅ −                                            (1-9) 
where p is the gas pressure and air is assumed to be the ambient gas. Finally, r0 is calculated by 
using Equation (1-7) above, where D and vd are determined from the following expressions, 
respectively [49, 80]: 
5
2 12 10
[ ]
D cm s
p torr
−×= ⋅                                                    (1-10) 
6 2 1 10.86 10
[ ]d cm V sp torrv
− −×= ⋅ ⋅                                           (1-11) 
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 Table 1-1 shows the calculated r2 and r0 from different charge numbers (n+) [78]. In these 
calculations, the values of D and vd were determined for the case of helium plasma. According to the 
model described above, only when 2r0 is smaller than r2 the streamer self-propagation can occur. 
From Tab. 1-1, it can be seen that when n+ is less than 2 × 109, 2r0 is larger than r2; suggesting that 
the streamer head can’t self propagate under low or zero external electric field in this case. However, 
when n+ is larger than 3 × 109, 2r0 is smaller than r2; indicating that the streamer head can 
self-propagate. This is well in agreement with the experimental observations [78]. Using this model, 
it can explain why the traveling velocity of plasma jet is several orders of magnitude faster than the 
gas flow velocity. Therefore, the jet can travel up to several centimeters without the presence of an 
external electric field [49].  
4.4 Applications of atmospheric pressure cold plasma jet 
As pointed out in a previous section, non-thermal equilibrium plasmas are capable of producing 
charged particles, neutral metastable species, radicals and (V)UV radiation, which can be used for a 
variety of applications. Recently, there has been increased attention in using atmospheric pressure 
cold plasmas for material processing, since these plasmas do not require expensive vacuum systems. 
In particular, non-thermal atmospheric pressure plasma jets are playing an increasingly important 
role in various plasma processing applications [49]. This is because the plasma jet is not spatially 
bound or confined by electrodes. This capability is very desirable in many applications such as the 
treatment for complex shaped samples. On the other hand, comparing to other atmospheric pressure 
cold plasmas, APPJ (atmospheric pressure plasma jet) units are rather small, they are mobile and 
very easy to handle. Laroussi gave an overview of plasma sterilization by APGDs (atmospheric 
pressure glow discharges) [81]. It has been proven that APGDs can be effectively used to inactivate 
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bacteria. In respect to the sterilization by APGDs, the APPJ has a similar effect to other atmospheric 
pressure non-equilibrium plasmas. Therefore, disinfection and sterilization of medical instruments 
and implants are also possible. Using APPJ to treat the wounds and skin was reported by [82]. The 
inactivation of the biofilm-forming bacteria also opens an area of food treatment by APPJ. On the 
other hand, the APPJ can be used to enhance the hydrophilicity of polymer surface. APPJ can also 
be used for the cleaning of metal surface by using oxygen highly diluted in helium or argon gas [49]. 
The oxygen active species are capable to remove many organic materials on the metal surface with 
the release of water and carbon dioxide. Additionally, APPJ etching is widely used. It was reported 
that both Kapton and polyimide have been successfully etched by APPJ [83, 84]. The etching of 
oxides and metals has been demonstrated as well [85, 86, 87]. Carbon tetrafluoride (CF4) as a 
reactive gas was added to helium or argon gas in the case of APPJ etching. APPJs were also used for 
PECVD (plasma-enhanced chemical vapor deposition). Moravej and Hicks made an excellent 
review about PECVD using APPJ [88]. It was reported that glass-like thin functional films have 
been successfully deposited by APPJ with oxygen highly diluted in helium or argon gas. The silicon 
containing precursor was diluted in main gas (He or Ar) and admixed downstream of the APPJ 
system. A large number of silicon containing precursors, such as tetraethoxysilane (TEOS), 
hexamethyldisilizane (HMDSN), hexamethyldisiloxane (HMDSO), tetramethyldisiloxane (TMDSO) 
and tetramethylcycotetrasiloxane (TMCTS) have been investigated [89-91]. Effects of precursors 
and reactive gas on the deposition rate and the properties of the deposited films were also widely 
studied [92]. Furthermore, the deposition of silicon nitride (Si3N4) was reported as well [93]. In this 
case, nitrogen gas as a reactive gas was highly diluted in helium, and SiH4 was also added into the 
downstream of APPJ. Using an APPJ, the decontamination of chemical and biological warfare 
  17
agents has also been proven [94, 95]. In most cases, the exhaust gas from APPJ system is harmless 
and can exhaust to the atmosphere without further processing. As an environmental friendly 
technology, it is expected that APPJ will be more widely used in the future. 
5 Objectives of this study 
 As mentioned above, atmospheric pressure cold plasma jets can be generated by DBDs or RF 
discharges. So far, though a variety of atmospheric pressure cold plasma jets have been developed, 
the discharge mechanisms are not clearly understood yet. On the other hand, in order to decrease the 
cost of plasma processing, argon gas is highly desirable to replace helium gas as the working gas 
since argon gas is much less expensive. A capacitive coupled RF plasma device was developed by 
Cresur Corporation of Japan. This plasma device has been commercialized under the name of 
“APC”. Using APC, a cold Ar plasma jet is able to be generated at atmospheric pressure. On the 
other hand, we have successfully developed a plasma device that is able to generate a 
non-equilibrium atmospheric pressure Ar plasma jet of low temperature (22 to 35°C) using surface 
discharge fed by a high-voltage pulsed power source. This device has been commercialized under 
the name of “CAPPLAT” by Cresur Corporation of Japan. Though a variety of applications are 
being implemented, the electrical and the optical properties of these two atmospheric pressure cold 
Ar plasma jets had never been studied systematically. Therefore, to realize a wider applied field, it is 
highly desirable to get better understanding for the electrical and the optical properties of these two 
atmospheric pressure cold Ar plasma jets. 
In chapter 2, the electrical and optical characterizations of APC Ar plasma jet are performed. 
Based on the electrical characterization, the discharge behavior of APC Ar plasma jet is verified and 
discussed. Active species in APC Ar plasma jet are also identified by using optical emission 
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spectroscopy (OES). According to the OES, the mechanism of chemical reactions in APC Ar plasma 
jet is proposed. In particular, effects of an additive gas (N2 or O2) on the electrical and optical 
properties of APC Ar plasma jet are investigated in detail. 
In chapter 3, the electrical and optical characteristics of CAPPLAT Ar plasma jet are 
investigated. The aim is to characterize the discharge behavior and to explore the discharge 
mechanism of this Ar plasma jet by using a high-voltage probe and a current monitor. On the other 
hand, the active species in this Ar plasma jet are identified by using optical emission spectroscopy 
(OES). According to the OES, the mechanism of plasma chemical reactions in CAPPLAT Ar plasma 
jet is proposed. In particular, effects of an additive gas (N2 or O2) on the electrical and optical 
properties of CAPPLAT Ar plasma jet are investigated in detail. 
In chapter 4, the physical and chemical properties (such as jet length, jet temperature, discharge 
behavior and the mechanism of plasma chemical reactions) of CAPPLAT Ar plasma jet and APC Ar 
plasma jet are compared. In particular, effects of an additive gas (N2 or O2) on the physical and 
chemical properties of these two Ar plasma jets are compared and discussed in detail. To 
demonstrate an application of these two Ar plasma jets, high-density polyethylene (HDPE) surface is 
treated using the two Ar plasma jets, respectively. In particular, effects of an additive gas (N2 or O2) 
on HDPE surface treatment are investigated and compared in detail. According to the experimental 
results, a probable process of HDPE surface treatment by the two Ar plasma jets is proposed. 
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Fig. 1-1 Schematic of plasma classification (electron temperature versus electron density). Taken 
from reference [2]. 
 
Fig. 1-2 Dependence of electron temperature and gas temperature on gas pressure in a mercury arc 
plasma. Taken from reference [2]. 
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Fig. 1-3 Typical electrode arrangements of dielectric barrier discharges. Taken from reference [9]. 
 
 
 
Fig. 1-4 Time scales of relevant processes in filamentary barrier discharges. Taken from reference 
[9]. 
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Fig. 1-5 Equivalent circuit used for DBD. Taken from reference [9]. 
 
 
 
Fig. 1-6 Experimental setup for discharge voltage, discharge current and charge transfer 
measurements alternatively. Using Rmeas for current measurement (broken line); using Cmeas for 
charge transfer measurement (solid line). Taken from reference [9]. 
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Fig. 1-7 Idealized Q-U diagram (Lissajous figure) for measurement of dissipated electric energy per 
voltage cycle. Taken from reference [9]. 
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(a) 
(b) 
Fig. 1-8 Emission intensity profiles between electrodes in RF helium discharge with a gap spacing of 
2 mm. (a): α-mode discharge; (b): γ-mode discharge. Taken from reference [50]. 
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Tab. 1-1 Calculated radius (r0 and r2) for different original space charge numbers. Taken from 
reference [49].  
Radius 
(cm) 
Number of original positive charges (n+) 
(×109) 
1 2 3 4 5 
r2 0.02 0.1 0.17 0.23 0.3 
r0 0.056 0.068 0.075 0.080 0.085 
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Chapter 2 Electrical and Optical Characterization of RF Capacitive 
Atmospheric Pressure Cold Argon Plasma Jet 
1 Introduction 
Recently, several novel atmospheric pressure plasma sources have been developed. These 
sources show a promising potential to replace low pressure plasma devices for some existing 
applications and to create new applications. These sources include the atmospheric pressure plasma 
jet, the cold plasma torch and the one atmosphere uniform glow discharge plasma. All these plasma 
sources produce discharges with a low gas temperature [1-10].  
  In this study, electrical properties of a RF capacitive cold Ar plasma jet were characterized 
using a high-voltage probe and a current probe. According to the waveforms of discharge voltage 
and RF current, the discharge behavior was confirmed. Further, optical emission spectrometry (OES) 
was employed to identify the active species in this Ar plasma jet. Based on the electrical and optical 
characterization, the reaction mechanism of active species in this RF capacitive Ar plasma jet was 
proposed. In particular, the effects such as additive gas (N2 or O2), torch diameter, and feeding gas 
flow rate on the electrical and optical properties of this Ar plasma jet were investigated in detail. 
2 Experimental setup and methods 
2.1 Plasma device  
The RF capacitive plasma device used in the experiments is called APC plasma developed by 
Cresur Corporation of Japan. The inner diameter of the plasma torch is 25 mm. Two parallel 
perforated Al electrodes are consisted in the plasma torch. The diameter of the perforated holes is 1.3 
mm; the distance between the holes is 3.2 mm. Ceramics is used as an insulator between the two 
electrodes. The gap spacing between the two electrodes is 1.5 mm. The inner electrode is connected 
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to the original RF power source with a frequency of 27.12 MHz through an impedance matching box, 
and the outer electrode is grounded. The schematic of the plasma torch is shown in Fig. 2-1. In the 
discharge experiment, Ar gas was working gas at flow rates of 5~20 SLPM (standard liter per 
minute), RF powers were maintained at 25~100 W without reflection, N2 or O2 as an additive gas 
was added into the Ar plasma jet at flow rates of 0~30 SMLPM (standard miniliter per minute), 
respectively. All flow rates were controlled by a mass flow controller. 
2.2 Electrical measurement  
The voltage applied to the discharge was measured using a 10:1 voltage probe (Tektronix 
P6139 10X Passive Probe 063-0870-05); the RF current was monitored using a wide band current 
monitor (PearsonTM current monitor) manufactured by Pearson Electronics Inc., Palo Alto, 
California, U.S.A. Further, a Tektronix TDS3012C digital phosphor oscilloscope was employed to 
obtain the voltage and current waveforms.  
2.3 Optical emission spectroscopy (OES) 
The optical emission spectrum of the plasma jet was collected perpendicular to the jet using an 
Ocean Optics USB4000 spectrometer (spectral range of 350–950 nm) with a resolution of 0.2 nm 
full width at half-maximum (FWHM); this was achieved using a personal computer equipped with 
relevant software (SpectraSuite) for both driving and acquisition. Prior to the OES measurement, the 
USB4000 spectrometer was calibrated using a standard halogen light source. Therefore, absolute 
irradiance of the active species in the plasma was obtained. During the measurement of the optical 
emission spectra, the exposure time was 100 ms. Emission intensities of the active species were 
collected at an axial position of the plasma jet (5 mm from the end of the torch), through an optical 
fiber with a diameter of 100 µm. The experimental setup for OES and electrical measurement is 
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shown in Fig. 2-2. 
3 Results and discussion 
3.1 Electrical characterization of APC Ar plasma jet  
3.1.1 Current and voltage (I – V) characteristics 
Figure 2-3 shows the current-voltage (I – V) curve for the pure Ar discharge with different input 
RF powers. It can be seen that at a lower input RF power (below 40 W), the discharge voltage 
increased with the increase in the RF current, indicating that the discharge is an abnormal glow 
discharge [11]. At a medium input RF power (40 W ~ 60 W), the discharge voltage increased slightly 
while the RF current increased remarkably, indicating the discharge became a normal glow discharge. 
At a higher input RF power (60 W ~ 105 W), the discharge became an abnormal glow discharge 
again. This abnormal glow operating regime has been observed in other studies of the atmospheric 
pressure plasma [12-18]. This abnormal glow is an α-mode discharge. We have explained the 
properties of the α-mode discharge in chapter 1. 
Figure 2-4 shows waveforms of the discharge voltage (red line) and the RF current (blue line) in 
a pure Ar discharge. Both the voltage and the current waveforms are smooth and nearly sinusoidal, 
indicating a mostly linear response of the discharge. Additionally, the capacitive essence of the 
discharge is clearly shown as the current waveform leads the voltage waveform by about 85°, 
indicating the capacitive essence of the α-mode discharge [19]. 
3.1.2 Effect of Ar flow rate on electrical properties  
Figure 2-5 shows waveforms of the discharge voltage (red line) and the RF current (blue line) in 
a pure Ar discharge at Ar flow rate of 5 SLPM. Compared with the waveforms of the discharge 
voltage and the RF current shown in Fig. 2-5 above, both the discharge voltage and the current 
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scarcely changed, suggesting that APC Ar plasma jet is a stable α-mode discharge when the Ar flow 
rate is in the experimental range of 5 SLPM to 20 SLPM.  
3.1.3 Effect of torch diameter on electrical properties  
Figure 2-6 shows waveforms of the discharge voltage (red line) and the RF current (blue line) in 
a pure Ar discharge with the torch diameter of 10 mm and RF power of 100 W. Compared with the 
waveforms of the discharge voltage and the RF current shown in Fig. 2-4 above, the discharge 
voltage increased and the RF current decreased slightly. However, considering the difference in the 
discharge areas of the two APC plasma torches, the current density increased with the decrease in the 
torch diameter, which leads to a stronger electric field.  
3.1.4 Effect of additive gas (N2 or O2) on electrical properties  
Effect of additive gas (N2 or O2) on electrical properties of APC Ar plasma jet was investigated. 
It was found that the waveforms of the discharge voltage and the RF current scarcely changed with 
the addition of additive gas. However, the values of discharge voltage and the current changed with 
the addition of additive gas. Figure 2-7 shows the Effects of additive gas (N2 or O2) on the discharge 
voltage and the RF current of APC Ar plasma jet. It can be seen that the discharge voltage decreased 
and the current increased with the increasing concentration of the additive gas. The similar 
phenomena were observed in the He discharge by J. Park et al [20]. However, so far, there is no clear 
understanding for this phenomenon. We conceive that the ionization of additive gas molecules 
through collisions with energetic electrons results to the increase in the RF current, which will 
decrease the impedance of the plasma. Therefore, the discharge is able to be sustained at a lower 
discharge voltage. On the other hand, the RF impedance matching was disturbed with the addition of 
the additive gas, which could also lead to the change in the discharge voltage and the RF current.  
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   We monitored the plasma temperature by using a thermocouple set at the exit of the plasma 
jet. Changes in plasma temperature with the addition of additive gas are shown in Fig. 2-8. It can be 
seen that the temperature increased with the increasing concentration of added N2 or O2 gas. As 
discussed above, the RF impedance matching was disturbed with the addition of the additive gas, 
which causes the change in the dissipated RF power in the plasma. Mean power density dissipated in 
the discharge can be calculated from the following formula [21]:  
P = [Imrs × Vmrs × cos(θv - θi)] / A, 
where Imrs and Vmrs are the values of mean root square of the discharge current and the discharge 
voltage, respectively; θv and θi mean the phase angles of the discharge voltage and the discharge 
current, respectively; A represents the discharge area. 
In the experiments, we noted that the phase angle between the current and the voltage decreased 
slightly with the increasing concentration of additive gas (N2 or O2). From the formula above, we 
can see that the decrease in the phase angle between the current and the voltage will lead to an 
increase in the mean power density. Therefore, we assume that the increase in the mean power 
density leads to the increase in the plasma temperature. In the future, we intend to calculate the mean 
power density dissipated in APC plasma jet quantitatively, using the equivalent circuit model 
reported by H. Stori, et al. [11, 12, 22]. 
3.2 Optical characterization of APC Ar plasma jet  
3.2.1 Typical optical emission spectrum  
A typical optical emission spectrum (OES) of APC Ar plasma jet in the wavelength range of 
350–950 nm is shown in Fig. 2-9. It can be seen that the peaks belonging to the excited Ar atoms 
(4p-4s transitions) are predominant in APC Ar plasma jet (in the wavelength range of 690–950 nm) 
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[23, 24]. Surprisingly, peaks at 357 and 380 nm belonging to the N2 second positive system (N2 
(C3∏u — B3∏g)) were also observed. However, peaks belonging to the N2 first negative system 
((N2+ (B2Σ+u — X2Σ+g)) were not detected. Additionally, an O atom peak was detected at 777 nm [25, 
26]. Both nitrogen and oxygen active species were detected in the pure Ar discharge because the 
impurities (N2 and O2 molecules) from the Ar gas or from the atmosphere are excited and dissociated. 
Emission intensities and assignments of all active species (in the wavelength range of 350–950 nm) 
detected in the APC Ar plasma jet are summarized in Table 2-1. 
As is well known, in Ar discharge, numerous Ar metastable atoms are generated through 
collisions with energetic electrons. And then, the Ar metastables are excited to a higher excitation 
level through the successive collisions with energetic electrons. The excited Ar atoms emit light 
when they return to the lower excitation level. This process can be expressed by the following 
reactions: 
e* + Ar0 → Arm + e                                                         (2-1) 
e* + Arm → Ar* (4p) + e                                                     (2-2) 
Ar* (4p) → Ar* (4s) + hν                                                     (2-3) 
These reactions can be used to explain the emission lines of excited Ar atoms. On the other hand, 
it was previously reported that Ar metastables hold roughly 11.5 eV of energy, which is close to the 
excitation energy of N2 second positive system (N2 (C3∏u — B3∏g)) (E ≈ 11.1 eV) [23, 24]. 
Therefore, a resonant reaction easily occurs between the Ar metastables and ground-state molecular 
N2.  
Arm + N2 (X1Σ+g) → Ar0 + N2 (C3∏u)                                            (2-4) 
The above resonant reaction is the main channel for the generation of N2 (C3∏u).  
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N2 (C3∏u) → N2 (B3∏g) + hν                                                  (2-5) 
These reactions help explain why the emissions corresponding to the N2 second positive system 
(N2 (C3∏u — B3∏g)) were observed. 
Additionally, it was reported that the most probable channel for the formation of O atoms was 
through collisions between the oxygen molecular ions (O2+) and electrons [27]. Oxygen molecular 
ions (O2+) are generated mainly through the Penning ionization of O2 molecules. Apparently, Ar 
metastables have insufficient energy for the generation of O2 molecular ions (O2+) (E ≈ 18.2 eV) 
through the Penning ionization [23]. However, in the Ar discharge, the excited O atoms at 777 nm 
can probably be generated through the following channels [23, 28-30]: 
Ar* + O2 (X3Σ-g) → O (1D) + O (3P) + Ar0                                       (2-6) 
e* + O2 (X3Σ-g) → e + [O (1D) or O (1S)] + O (3P)                                 (2-7) 
e* + O2 (X3Σ-g) → 2e + O2+ (b4Σ-g)                                             (2-8) 
e* + O2+ (b4Σ-g) → 2O (3P)                                                    (2-9) 
As we discussed above, it can be seen that reaction (2-8) and reaction (2-9) are the main channel 
for the formation of O atoms in APC Ar plasma jet. These reactions may explain the detection of 
excited O atoms at 777 nm in APC Ar plasma jet.  
3.2.2 Effect of Ar flow rate on OES  
Effect of Ar flow rate on emission intensities of active species in APC Ar plasma jet is shown in 
Fig. 2-10. It can be seen that the emission intensities of excited Ar and O atoms increased 
significantly with the increase in the Ar flow rate. However, the emission intensity of N2 (C3∏u — 
B3∏g) decreased with the increase in the Ar flow rate. It was reported that the transport of active 
species depends critically on the gas flow rate. Lower gas flow rates will decrease the concentrations 
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of active species at distant positions from the nozzle since the active species in plasma jet decay 
quickly in the atmosphere [31]. Therefore, a higher Ar flow rate leads to a faster velocity of the Ar 
stream, which is very helpful for the transport of the active species. Consequently, more active 
species reached to a certain position from the exit (a distance of 5 mm in the experiment) at a higher 
Ar flow rate. This is why the emission intensities of excited Ar and O atoms increased significantly 
with the increase in the Ar flow rate. However, the observed N2 (C3∏u — B3∏g), generated through 
reaction (2-4), mainly comes from the afterglow zone. It is because N2 (C3∏u) in the discharge 
region will transform to N2+ (B2Σ+u) quickly through the successive collisions with energetic 
electrons. And then N2+ (B2Σ+u) will be trapped in the discharge region by a very fast polarity change 
(details about this will be discussed in section 3. 2. 4). Therefore, though a higher Ar flow rate is 
helpful for the transport of Ar metastables, the entry of N2 (from the atmosphere) into the Ar stream 
becomes difficult with the increase in the Ar flow rate. It will restrict the rate of reaction (2-4). This 
may be helpful to explain why the emission intensities of N2 (C3∏u — B3∏g) decreased with the 
increase in the Ar flow rate. 
3.2.3 Effect of torch diameter on OES  
Effect of torch diameter on optical emission spectrum of APC Ar plasma jet is shown in Fig. 
2-11. It can be seen that the plasma radiation increased with the decrease in the torch diameter. We 
have discussed the effect of torch diameter on electrical properties of APC Ar plasma jet in section 
3.1.3. It was found that for a constant input RF power, the current density increased with the 
decrease in the torch diameter. Therefore, the electric field strength is stronger in case of the 
10-mm-diameter plasma torch, which leads to a higher electron density. From the reactions above, it 
can see that the increased electron density will lead to an increase in the plasma radiation. On the 
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other hand, as we discussed above, the velocity of the Ar stream increased with the decrease in torch 
diameter, which is helpful for the transport of active species and will lead to an increase in the 
emission intensities of active species. 
3.2.4 Effect of additive gas (N2 or O2) on OES  
Changes in emission intensities of active species in APC Ar plasma jet with different flow rates 
of additive gas (N2 or O2) are shown in Fig. 2-12. From Fig. 2-12 (a), it can be clearly seen that the 
emission intensities of excited Ar and O atoms decreased with the increasing concentration of added 
N2 gas. The quenching effect of the added N2 gas causes the decrease in the emission intensities of 
excited Ar and O atoms. On the other hand, the emission intensities of N2 (C3∏u — B3∏g) increased 
only slightly with the addition of N2 gas. From Fig. 2-12 (b), similar to the N2 addition, it can be 
clearly seen that the emission intensities of excited Ar atoms and N2 (C3∏u — B3∏g) decreased with 
the increasing concentration of added O2 gas. The quenching effect of added O2 gas causes the 
decrease in the emission intensities of excited Ar atoms and N2 (C3∏u — B3∏g). Additionally, the 
emission intensity of O atoms increased significantly with the addition of O2 gas. A maximum 
emission intensity of O atoms was observed at the added O2 flow rate of 15 smlpm. More than 15 
smlpm of O2 addition causes the decrease in the emission intensity of O atoms because of the 
quenching effect.  
Comparison of emission intensities of active species before and after the addition of N2 or O2 is 
shown in Fig. 2-13. It can be seen that the emission intensities of N2 (C3∏u — B3∏g) increased only 
slightly with the addition of N2 gas. Additionally, with the N2 gas addition, the total emission 
intensity decreased more remarkably than with the same amount of O2 gas addition. However, it was 
reported that the quenching rate by O2 molecules is much faster than by N2 molecules [27]. On the 
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other hand, as we discussed in the above section of 3.1.4, the RF current increased with the addition 
of N2 gas, suggesting the occurrence of collision ionization of the added N2 gas. Therefore, we 
assume that new ionic species (such as N2+ (B2Σ+u)) are formed. In the Ar discharge, the nitrogen 
molecular ions (N2+ (B2Σ+u)) can probably be generated through the following channels [24, 32]. 
e* + N2 (X1Σ+g) → N2+ (B2Σ+u) + 2e                                           (2-10) 
e* + N2 (C3∏u) → N2+ (B2Σ+u) + 2e                                           (2-11) 
Ar+ + N2 (X1Σ+g) → Ar0 + N2+ (X2Σ+g)                                         (2-12) 
N2+ (X2Σ+g) + e* → N2+ (B2Σ+u) + e                                           (2-13) 
Considering the reaction constant rates of the above reactions and the concentrations of active 
species, reaction (2-11) is the main reaction for the generation of N2+ (B2Σ+u) in Ar discharge.  
However, we never detected the emission from N2+ (B2Σ+u — X2Σ+g) in the afterglow zone of the 
plasma jet since the ions are trapped in the electric field (discharge region) by a very fast polarity 
change (at a frequency of 54.24 MHz). As we well known, the ionization extent in the He plasma is 
quite high because the He metastables hold a very high energy (E ≈ 19.8 eV), which is almost 
capable to ionize any gas molecules through the Penning ionization. We have attempted the He 
discharge with APC plasma torch. Nearly no plasma jet was observed because ionic species are 
trapped in the discharge region. This result is well in agreement with our assumption.  
4 Conclusions 
In this study, in order to get better understanding for the RF capacitive atmospheric pressure cold 
Ar plasma jet, electrical and optical characterizations of APC Ar plasma jet were performed by using 
electrical diagnostics and OES technique. Electrical characterizations showed that the discharge of 
APC Ar plasma jet is an abnormal glow discharge at a lower input RF power (below 40 W); then the 
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discharge became a normal glow discharge with the increasing input RF power (40 ~ 60 W); the 
discharge became the abnormal glow discharge again when the input RF power is higher than 60 W. 
When the input RF power is in the range of 60 to 100 W, APC Ar plasma jet is a stable abnormal 
glow discharge (the α-mode discharge). We did not observed the transition from the α-mode 
discharge to the γ-mode discharge in the APC Ar plasma jet since the maximum input RF power is 
105 W for our RF power source. Additionally, we investigated the effects of Ar flow rate, additive 
gas (N2 or O2) and the torch diameter on the discharge behavior of APC Ar plasma jet. It was shown 
that the discharge behavior scarcely changed with different Ar flow rates and different torch 
diameters. Interestingly, the discharge voltage decreased and the RF current increased with the 
increasing concentration of additive gas (N2 or O2). Until now, we do not have clear understanding 
for this interesting phenomenon. We assumed that the ionization of additive gas molecules through 
collisions with energetic electrons leaded to the increase in the RF current, which would decrease the 
impedance of the plasma. Therefore, the discharge was able to be sustained at a lower discharge 
voltage. Additionally, the RF impedance matching was disturbed by the addition of additive gas, 
which could lead to the change in the discharge voltage and the RF current. 
OES characterizations of APC Ar plasma jet revealed that Ar active species belonging to the 
excited Ar atoms (4p-4s transition) were predominant in this plasma jet (in the wavelength range of 
690–950 nm). Peaks belonging to the N2 second positive system (N2 (C3∏u — B3∏g)) were also 
observed. N2 (C3∏u) (E ≈ 11.1 eV) were generated through a resonant reaction between Ar 
metastables (E ≈ 11.5 eV) and ground state molecular N2. However, peaks belonging to the N2 first 
negative system ((N2+ (B2Σ+u — X2Σ+g)) (E ≈ 18.7 eV) were not detected. Additionally, an O atom 
peak was detected at 777 nm. Both the nitrogen and oxygen active species were detected in the pure 
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Ar discharge because the impurities (N2 and O2 molecules) from the Ar gas or from the atmosphere 
were entrained into the plasma. In particular, we investigated the effects of additive gas (N2 or O2) 
on the OES of APC Ar plasma jet. It was shown that the emission intensities of excited Ar atoms and 
N2 (C3∏u — B3∏g) decreased with the increasing concentration of added O2 gas because of the 
quenching effect. Meantime, the emission intensity of O atoms increased significantly after the 
addition of O2 gas. A maximum emission intensity of O atoms was observed at the added O2 flow 
rate of 15 smlpm. Similar to the O2 addition, the emission intensities of excited Ar and O atoms 
decreased with the increasing concentration of added N2 gas. However, the emission intensities of N2 
(C3∏u — B3∏g) increased only slightly after the addition of N2 gas. We assumed that the generated 
N2 (C3∏u) transformed to N2+ (B2Σ+u) quickly through the successive collisions with energetic 
electrons, and then the newly created N2+ (B2Σ+u) was trapped in the electric field (discharge region) 
by the very fast polarity change. 
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Tab. 2-1 Summary of active species (wavelength range of 350-950 nm) detected in APC Ar plasma 
jet at a distance of 5 mm from the end of the torch. Discharge conditions: Ar flow rate of 20 SLPM, 
input RF power of 100 W. 
 
 
 
 
 
 
 
Species λ (nm) Absolute irradiance (μW/cm2/nm) Transition 
N2 2nd positive system 
357.51 0.01717 
C3∏u → B3∏g 
375.51 0.00466 
380.27 0.01208 
405.79 0.00339 
Ar atoms 
696.53 0.03763 
4p → 4s 
707.60 0.00764 
728.03 0.01234 
739.22 0.01902 
751.67 0.03472 
764.06 0.13171 
773.03 0.08964 
795.47 0.02952 
801.91 0.04615 
812.00 0.13457 
827.13 0.10463 
842.87 0.08260 
852.57 0.02274 
867.57 0.00504 
912.68 0.22457 
922.70 0.03411 
O atoms 777.87 0.02543 3p → 3s 
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Fig. 2-1 Schematic illustration for APC plasma torch. 
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1. RF power source; 2. Matching box; 3. Mass flow controller; 4. APC plasma torch; 5. Ar gas; 6. 
Additive gas (N2 or O2); 7. Current probe; 8. High-voltage probe; 9. Oscilloscope; 10. Optical fiber; 
11. Spectrometer; 12. Personal computer. 
 
Fig. 2-2 Schematic illustration for experimental setup of OES and electrical measurement. 
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Fig. 2-3 I-V curve for APC pure Ar plasma jet with the arrow showing the sequence of operating 
conditions employed. In the discharge experiments, input RF power was increased from 25 W to 105 
W with a step of 5 W at Ar flow rate of 20 SLPM. Note: peak to peak values of the discharge voltage 
and the RF current are given in the figure. 
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Fig. 2-4 Waveforms of discharge voltage (red line) and RF current (blue line) for APC pure Ar 
plasma jet with RF power of 100 W at Ar flow rate of 20 SLPM. 
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Fig. 2-5 Waveforms of discharge voltage (red line) and RF current (blue line) for APC pure Ar 
plasma jet with RF power of 100 W at Ar flow rate of 5 SLPM. 
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Fig. 2-6 Waveforms of discharge voltage (red line) and RF current (blue line) for APC pure Ar 
plasma jet with 10-mm-diameter plasma torch, at RF power of 100 W and Ar flow rate of 20 SLPM. 
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Fig. 2-7 Changes in discharge voltage and RF current for APC Ar plasma jet with increasing 
concentration of additive gas. (a): N2 addition; (b): O2 addition. Discharge conditions: input RF 
power of 100 W, Ar flow rate of 20 SLPM. Note: peak to peak values of the discharge voltage and 
the RF current are given in the figure. 
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Fig. 2-8 Changes in APC Ar plasma temperature with increasing concentration of additive gas. (a): 
N2 addition; (b): O2 addition. Discharge conditions: input RF power of 100 W, Ar flow rate of 20 
SLPM. Note: plasma temperatures were monitored at the end of the plasma torch using a 
thermocouple. 
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Fig. 2-9 Typical optical emission spectrum of APC Ar plasma jet measured by USB4000 
spectrometer at a distance of 5 mm from the end of the torch. Discharge conditions: Ar flow rate of 
20 SLPM, input RF power of 100 W. 
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Fig. 2-10 Changes in emission intensities of active species in APC Ar plasma jet with increasing 
concentration of Ar flow rate. OES was measured at a distance of 5 mm from the end of the plasma 
torch. In the discharge experiments, RF power was maintained at 100 W. Note: N2 (C3∏u — B3∏g) 
at 357 nm and excited Ar atoms at 696 nm are selected as representatives for N2 second positive 
system and excited Ar atoms, respectively. 
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Fig. 2-11 Comparison of typical optical emission spectra of APC Ar plasma jets with different 
diameter plasma torches. OES were measured by USB4000 spectrometer at a distance of 5 mm from 
the end of the torch. Discharge conditions: Ar flow rate of 20 SLPM, input RF power of 100 W. 
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Fig. 2-12 Changes in emission intensities of active species in APC Ar plasma jet with increasing 
concentration of additive gas. OES was measured at a distance of 5 mm from the end of the plasma 
torch. (a): N2 addition, (b): O2 addition. Discharge conditions: input RF power of 100 W, Ar flow 
rate of 20 SLPM. Note: N2 (C3∏u — B3∏g) at 357 nm and excited Ar atoms at 696 nm are selected 
as representatives for N2 second positive system and excited Ar atoms, respectively. 
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Fig. 2-13 Comparison of emission intensities of active species in APC Ar plasma jet before and after 
the addition of additive gas (N2 or O2). OES was measured at a distance of 5 mm from the end of the 
plasma torch. Discharge conditions: Ar flow rate of 20 SLPM, additive gas flow rate of 30 smlpm, 
input RF power of 100 W. Note: only active species in the wavelength range of 350–950 nm are 
counted in the total emission intensity. 
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Chapter 3 Electrical and Optical Characterization of Surface 
Discharge Non-equilibrium Atmospheric Pressure Argon Plasma Jet 
1 Introduction 
Non-equilibrium plasmas have been used in various fields such as materials processing and 
biomedicine and in processes such as surface coating and plasma enhanced chemical vapor 
deposition (PECVD) [1-5]. Previously, non-equilibrium plasmas were typically employed at 
pressures between 0.1 and 500 Pa. Sophisticated vacuum equipment was therefore needed to 
maintain the low pressure that was required for the discharge. In order to reduce costs, it was highly 
desirable to eliminate the need for expensive vacuum systems and operate plasmas at atmospheric 
pressure. Recently, several novel atmospheric pressure discharge sources have been developed; 
examples include the atmospheric pressure plasma jet, cold plasma torch, one atmosphere uniform 
glow discharge plasma, and microplasma. All these plasma sources produce discharges with a low 
gas temperature at atmospheric pressure [6-13]. 
We have successfully developed a device that is able to generate a non-equilibrium atmospheric 
pressure plasma jet of low temperature (22 to 35°C) fed by a high-voltage pulsed power source. This 
device has been commercialized under the name of “CAPPLAT” by Cresur Corporation of Japan 
[14]. Both He and Ar can be used as working gas with this plasma device. This plasma jet has 
previously been used for both chemical vapor deposition (CVD) and polymer surface treatment 
[15-18]. In this study, electrical properties of CAPPLAT Ar plasma jet were characterized using a 
high-voltage probe and a current probe. Further, optical emission spectrometry (OES) was used to 
identify the active species in this Ar plasma jet. In particular, the effects of additive gas (N2 or O2) on 
the electrical and optical characteristics of this Ar plasma jet were investigated in detail.  
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2 Experimental setup and methods 
2.1 Plasma device  
The plasma device (CAPPLAT) used in the experiments is a hand-made cold atmospheric 
pressure plasma torch. The plasma torch comprises two co-axial cylindrical electrodes. With the 
normal connection mode, the inner electrode (copper pipe) is connected to a high-voltage pulsed 
power source with a frequency of several tens of kilohertz. The outer electrode (aluminum foil) is 
grounded. If without specific illustration, the normal connection mode was employed in the 
experiments. A Laboran® silicone tube (thickness: 2 mm) acts as a dielectric barrier between the two 
electrodes. The outer and inner diameters of the torch are 10 mm and 6 mm, respectively. The 
schematic illustration of the torch is shown in Fig. 3-1. Further details of the configuration of this 
plasma torch are provided in our previous papers [17, 18]. Discharge experiments were performed 
under normal conditions by applying invariable voltage (±8.0 kV) with a square-wave amplitude at a 
50% duty cycle and a constant frequency of 20 kHz. Ar gas was employed as the working gas. N2 or 
O2 gas was introduced as the additive gas into the Ar stream. The flow rates of the Ar gas were set to 
5 ~ 10 SLM (standard liters per minute). The flow rates of additive gas were set to 30 ~ 500 smlpm 
(standard milliliters per minute), respectively. All flow rates were controlled using a mass flow 
controller. It should be noted that N2 additive gas was injected directly into the Ar gas. We tried to 
adopt this injection approach even for O2 additive gas; however, no plasma jet was generated by 
such direct injection, because of the considerable quenching effect of O2. Therefore, we developed a 
new injection method. We added O2 to the afterglow zone of the plasma jet through a glass capillary 
placed at the center of the torch (see Fig. 3-1). In this case, O2 mixes with the Ar plasma in the 
afterglow zone. We also added N2 to the plasma afterglow zone through the glass capillary; however, 
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in this case, the effects of N2 addition on the Ar plasma jet were negligible in terms of both the 
electrical and the optical properties. The difference in the injection approaches for the N2 and O2 
additive gases is shown in Fig. 3-2.  
2.2 Electrical measurement  
The high voltage applied to the discharge was measured using a 1000:1 high-voltage probe 
(Tektronix P6015A); the discharge current was monitored using a wide band current monitor 
(PearsonTM current monitor) manufactured by Pearson Electronics Inc., Palo Alto, California, U.S.A. 
Further, a Tektronix TDS3012C digital phosphor oscilloscope was employed to obtain the voltage 
and current waveforms. The setup for electrical measurement is shown in Fig. 3-3. 
2.3 Optical emission spectroscopy (OES) 
The optical emission spectra of the plasma jet were collected perpendicular to the jet using an 
Ocean Optics USB4000 spectrometer (spectral range of 350–950 nm) with a resolution of 0.2 nm 
full width at half-maximum (FWHM); this was achieved using a personal computer equipped with 
relevant software (SpectraSuite) for both driving and acquisition. Prior to the OES measurement, the 
USB4000 spectrometer was calibrated using a standard halogen light source. Therefore, absolute 
irradiance of the active species in the plasma jet was obtained. During the measurement of the 
optical emission spectra, the exposure time was 100 ms. Emission intensities of the active species 
were collected at an axial position of the plasma jet, through an optical fiber with a diameter of 100 
µm.  
3 Results and discussion  
3.1 Electrical characterization of CAPPLAT Ar plasma jet 
3.1.1 Current and voltage (I – V) characteristics 
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Generally, electrical measurements allow for the determination of the impedance of the entire 
load and not just of the plasma itself. A simple electrical equivalent circuit model can be used to 
evaluate the discharge characteristics of this plasma jet. This equivalent circuit model was reported 
in many literatures [19-21]. In this study, an equivalent R-C parallel circuit was employed to 
evaluate the discharge characteristics of this plasma jet, C is the capacitance representing the silicone 
dielectric between the two electrodes and R is the resistance of the discharge. It should be noted that 
the sheath was not considered in this study, because CAPPLAT plasma jet is based on surface 
discharge. The equivalent R-C parallel circuit is shown in Fig. 3-4. The total current (current 1) and 
capacitive current (current 2) were measured on the basis of the equivalent R-C circuit model by 
using a current monitor (see Fig. 3-4). For simplicity, we assume that the total current in the circuit is 
equal to the sum of the capacitive current and the discharge current. Therefore, the discharge current 
can be roughly calculated from the total current and the capacitive current. 
Figure 3-5 (a) shows typical waveforms of the applied voltage (black line) and total current (red 
line) recorded by an oscilloscope. It is apparent that the actual applied high voltage is only about 
14.5 kV (peak to peak), although the nominal voltage is 16.0 kV (peak to peak). In addition, a large 
and instantaneous pulse current was observed when the high voltage was applied and switched off. 
As mentioned earlier, the temperature of the plasma jet is 22–35°C as the duration of application of 
both voltage and current is quite short in a single period. Figure 3-5 (b) shows waveforms of the total 
current (current 1), capacitive current (current 2), and discharge current during polarity change. The 
calculated discharge current was found to be about 60 mA and the pulse width was about 1 μs. On 
the other hand, it should be noted that current pulses due to a series of microdischarges [22] were not 
observed here. Therefore, we inferred that the discharge of this plasma jet is glow-like (diffuse) 
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barrier discharge and not filamentary barrier discharge. Until now, rare studies were performed to 
study the glow discharge mechanism in Ar gas at atmospheric pressure. However, glow discharge 
mechanisms in He or N2 gas at atmospheric pressure were reported by a few studies [23-26]. It was 
reported that the glow barrier discharge only occurs at very typical operating conditions. The 
effective ionization and excitation processes are very important for the glow barrier discharge. On 
the other hand, the electrons on the dielectric surface play an important role in the current balance 
for efficient primary ionization processes at low electric field strength. Analogously, we assume that 
the effective ionization and excitation of Ar molecules are critical for the atmospheric pressure 
glow-like discharge in Ar gas. Additionally, the quantity of “seed electrons” on the barrier surface, 
remaining from the previous half period, is quite important for the ionization and excitation of Ar 
molecules in the next half cycle. When the seed electrons are overabundant the diffuse barrier mode 
(glow mode) will transit to the filamentary barrier mode since the memory effect of microdischarges 
increased. On the other hand, the diffuse barrier mode (glow mode) is not able to occur when the 
seed electrons are not abundant for the primary ionization and excitation of Ar molecules in the next 
half cycle. 
Figure 3-6 shows the dependence of discharge current on the nominal applied voltage. It can be 
clearly seen that the discharge current increased significantly with the increase in the nominal 
applied voltage, suggesting the increase in the electron density. 
3.1.2 Effect of Ar flow rate on electrical properties  
Figure 3-7 shows waveforms of the total current (current 1), capacitive current (current 2), and 
discharge current during polarity change at Ar flow rate of 5 SLPM. Compared to the waveforms 
shown in Fig. 3-5 (b) above, both the total current and the discharge current scarcely changed, 
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suggesting that the Ar flow rate scarcely affected the discharge behavior of CAPPLAT Ar plasma jet 
in the experimental range (Ar flow rates were set from 5 SLPM to 20 SLPM). 
3.1.3 Effect of dielectric thickness on electrical properties  
In order to investigate effects of the thickness of silicone tube on the electrical properties of 
CAPPLAT Ar plasma jet, silicone tubes with different thicknesses were used in the experiments. 
Figure 3-8 shows waveforms of the total current (current 1), capacitive current (current 2), and 
discharge current during polarity change at Ar flow rate of 10 SLPM with the different thicknesses 
of silicone tubes. It can be clearly seen that the total current in the circuit increased significantly with 
the decrease in the thickness of the dielectric (silicone tube). However, the discharge current 
increased slightly with the decrease in the thickness of the silicone tube, since the increase in the 
total current mainly attributes to the increase in the capacitive current (see Fig. 3-8 (a)). As we well 
known, the breakdown voltage decreases when the thickness of the dielectric is reduced. Therefore, 
the displacement current through the dielectric increases with the decrease in the dielectric thickness. 
On the other hand, the total current decreased with the increase in the thickness of the silicone tube. 
However, in this case, the discharge current changed slightly as well (see Fig. 3-8 (b)). All of these 
suggest that the discharge current is weakly dependent on the thickness of the barrier.  
3.1.4 Effect of torch diameter on electrical properties 
In order to investigate the effect of torch diameter on the electrical properties of CAPPLAT Ar 
plasma jet, a mini-CAPPLAT plasma torch was used. The inner and the outer diameter of the 
mini-CAPPLAT plasma torch are 3 mm and 5 mm, respectively. Figure 3-9 shows waveforms of the 
total current (current 1), capacitive current (current 2), and discharge current of mini-CAPPLAT 
plasma jet during polarity change at Ar flow rate of 10 SLPM. Compared to the waveforms of the 
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total current and the discharge current shown in Fig. 3-8 (a) above, the capacitive current decreased 
remarkably with the decrease in the torch diameter, which shows the essence of surface discharge. 
However, the discharge current changed slightly with the change in the torch diameter. Considering 
the difference in the discharge areas, the current density increased with the decrease in the torch 
diameter, which will lead to a stronger electric field.  
3.1.5 Effect of additive gas (N2 or O2) on electrical properties  
In order to investigate the effects of additive gas (N2 or O2) on the electrical properties of 
CAPPLAT Ar plasma jet, N2 or O2 was injected into the Ar plasma jet at different flow rates, 
respectively. Comparisons of waveforms of the total current (current 1) before and after the addition 
of the additive gas are shown in Fig. 3-10 (a) and (b), respectively. Surprisingly, the total current 
(current 1) in the circuit decreased only slightly after the addition of N2 or O2, although the injection 
approach was quite different in the case of these two gases. It is also apparent that injecting N2 gas 
directly into the Ar stream or adding O2 gas to the plasma afterglow zone through a glass capillary 
caused only a slight change in the electrical properties of this Ar plasma jet. Additionally, we 
monitored the plasma temperature at the exit of the plasma jet before and after the addition of 
additive gas using a thermometer. It was shown that the plasma temperature scarcely changed as well. 
All of these suggest that the ionization of additive gas molecules through collisions with energetic 
electrons is negligible in CAPPLAT Ar plasma jet. 
 On the basis of this result, a simple discharge mechanism is proposed here. First, Ar molecules 
are excited and ionized through collisions with energetic electrons. In this step, energy is transferred 
to the Ar particles and Ar active species (Ar metastable atoms) are produced. Second, N2 or O2 
molecules are excited through collisions with energetic Ar metastable atoms. Nitrogen active species 
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(N2 (C3∏u)) and oxygen active species (O atoms) are then generated. Additionally, the peak width of 
the current increased slightly after the injection of N2 (see Fig. 3-10 (a)). However, this increase was 
not observed when O2 was added (see Fig. 3-10 (b)). This suggests that the plasma jet became more 
homogenous after N2 injection. We also noted that with the N2 injection, the plasma was strongly 
modified and the whitish Ar plasma jet became a stable, homogenous pink jet. However, the 
appearance of the plasma jet changed only slightly after O2 was added to the plasma afterglow zone 
through the glass capillary. 
3.1.6 Effect of connection mode on electrical properties 
Besides the normal connection mode, the reverse connection mode was also attempted with 
CAPPLAT plasma device. As we mentioned in section of 2.1, in the normal connection mode the 
inner electrode is connected to the high-voltage power supplier and the outer electrode is grounded. 
However, in the reverse connection mode the outer electrode is connected to the high-voltage power 
supplier and the inner electrode is grounded. Figure 3-11 shows waveforms of the total current 
(current 1), capacitive current (current 2), and discharge current with the reverse connection mode 
during polarity change at Ar flow rate of 10 SLPM. It can be clearly seen that comparing to the 
normal connection mode, the discharge current decreased dramatically, though the nominal applied 
voltage is identical in the two cases. We assume that the distribution and the strength of electric field 
inside the plasma torch are quite different from the normal connection mode. It is presumed that the 
electric field strength and the electric field energy density reduce from the high-voltage electrode to 
the ground electrode. Thus, the electric field strength and the electric field energy density are quite 
weak around the grounded electrode. Therefore, with the reverse connection mode (the inner 
electrode is grounded), the strength and the energy density of electric field are very weak inside the 
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plasma torch, which leads to a very low energy transfer to the Ar gas. This assumption can explain 
why the discharge current is very low with the reverse connection mode. Additionally, we note that 
the air around the outer electrode is discharged with the reverse connection mode. It is completely 
consistent with our assumption for the distribution of the electric field strength and the energy 
density.  
3.2 Optical characterization of CAPPLAT Ar plasma jet 
3.2.1 Typical optical emission spectrum  
A typical optical emission spectrum of CAPPLAT Ar plasma jet in the wavelength range of 
350–950 nm is shown in Fig. 3-12. It can be seen that peaks belonging to the excited Ar atoms 
(4p-4s transition) are predominant in this plasma jet (in the wavelength range of 690–950 nm) [27, 
28]. Surprisingly, peaks at 357, 380, and 406 nm belonging to the N2 second positive system (N2 
(C3∏u — B3∏g)) were also observed with relatively strong emission intensities. However, peaks 
belonging to the N2 first negative system ((N2+ (B2Σ+u — X2Σ+g)) were not detected. Additionally, an 
O atom peak at 777 nm was detected with rather weak emission intensity [29, 30]. Both nitrogen and 
oxygen active species were detected in the pure Ar discharge because the impurities (N2 and O2 
molecules) from the Ar gas or from the atmosphere were excited and dissociated. Emission 
intensities and assignments of all active species (in the wavelength range of 350–950 nm) detected in 
CAPPLAT Ar plasma jet are summarized in Table 3-1. 
As discussed above, in CAPPLAT plasma jet, the Ar metastable atoms are generated through 
collisions with energetic electrons. And then, the Ar metastables are excited to a higher excitation 
level through the successive collisions with energetic electrons. The excited Ar atoms emit light 
when they return to the lower excitation level. On the other hand, these species are the main energy 
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carriers that generate N2 (C3∏u) and O atoms, through collisions with N2 or O2 molecules. As we 
discussed in chapter 2, N2 (C3∏u) is mainly generated through a resonant reaction between Ar 
metastables and ground-state molecular N2. This reaction helps explain why relatively strong 
emission intensities corresponding to the N2 second positive system (N2 (C3∏u — B3∏g)) were 
observed. On the other hand, it was reported that the generation of the N2 first negative system ((N2+ 
(B2Σ+u — X2Σ+g)) was primarily based on the Penning ionization of N2 molecules [28]. Obviously, 
the Ar metastables have insufficient energy to generate the N2 first negative system (E ≈ 18.7 eV) 
through the Penning ionization [27]. As we discussed in chapter 2, N2+ (B2Σ+u) may probably be 
generated through the following channels in Ar discharge [28, 31]: 
e* + N2 (X1Σ+g) → N2+ (B2Σ+u) + 2e                                             (3-1) 
e* + N2 (C3∏u) → N2+ (B2Σ+u) + 2e                                             (3-2) 
Ar+ + N2 (X1Σ+g) → Ar0 + N2+ (X2Σ+g)                                           (3-3) 
e* + N2+ (X2Σ+g) → N2+ (B2Σ+u) + e                                             (3-4) 
However, as abovementioned, the ionization of additive gas molecules through collisions with 
energetic electrons is negligible in CAPPLAT Ar plasma jet, since the electron density and the 
electron energy are relatively low. Thus, no peaks belonging to the N2 first negative system ((N2+ 
(B2Σ+u — X2Σ+g)) were detected. On the other hand, it was reported that the most probable channel 
for the formation of O atoms was through collisions between the oxygen molecular ions (O2+) and 
electrons [32]. Oxygen molecular ions (O2+) are mainly generated through the Penning ionization of 
O2 molecules. Apparently, Ar metastables have insufficient energy for the generation of O2 
molecular ions (O2+) (E ≈ 18.2 eV) through the Penning ionization [27]. However, as we mentioned 
in chapter 2, oxygen atoms can probably be generated through the following channels in Ar 
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discharge [27, 33-35]: 
Ar* + O2 (X3Σ-g) → O (1D) + O (3P) + Ar0                                       (3-5) 
e* + O2 (X3Σ-g) → e + [O (1D) or O (1S)] + O (3P)                                 (3-6) 
e* + O2 (X3Σ-g) → 2e + O2+ (b4Σ-g)                                             (3-7) 
e* + O2+ (b4Σ-g) → 2O (3P)                                                    (3-8) 
Considering the electron density and the electron energy, reaction (3-5) is the only channel for 
the generation of O atoms in CAPPLAT Ar plasma jet. This may explain the detection of rather weak 
emission intensity of excited O atoms at 777 nm in CAPPLAT Ar plasma jet. 
3.2.2 Effect of Ar flow rate on OES  
Comparison of optical emission spectra of CAPPLAT Ar plasma jets with different Ar flow 
rates is shown in Fig. 3-13. Similar to APC Ar plasma jet, it can be seen that the emission intensities 
of excited Ar and O atoms increased significantly with the increase in the Ar flow rate. As we 
discussed in chapter 2, it is because a higher Ar flow rate leads to a faster velocity of the Ar stream, 
which is very helpful for the transport of the active species [36]. Interestingly, opposite to the APC 
Ar plasma jet, the emission intensity of N2 (C3∏u — B3∏g) increased with the increase in the Ar 
flow rate in case of CAPPLAT Ar plasma jet. In case of APC Ar plasma, the observed N2 (C3∏u — 
B3∏g) mainly comes from the afterglow zone. It was because N2 (C3∏u) in the discharge region 
transformed to N2+ (B2Σ+u) quickly and was trapped in the discharge region by a very fast polarity 
change. However, in case of CAPPLAT Ar plasma jet, N2 (C3∏u — B3∏g) from the discharge region 
is also able to be observed since N2 (C3∏u) can not be transformed to N2+ (B2Σ+u) and be trapped in 
the discharge region. Thus, similar to excited Ar and O atoms, more N2 (C3∏u) can reach to a certain 
distant position from the exit (a distance of 5 mm in the experiment) at a higher Ar flow rate. On the 
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other hand, at the same Ar flow rate, the velocity of Ar stream in case of CAPPLAT plasma is much 
slower than APC plasma. Therefore, the change in Ar flow rate affects the entry of N2 (from the 
atmosphere) into the plasma jet only slightly in case of CAPPLAT Ar plasma jet. 
3.2.3 Effect of dielectric thickness on OES 
Comparisons of optical emission spectra of CAPPLAT Ar plasma jets with different thicknesses 
of silicone tube are shown in Fig. 3-14. It can be seen that the plasma radiation changed only slightly 
with the change in the thickness of dielectric. It was because the discharge properties are weakly 
dependent on the thickness of barrier. These results are consistent with the electrical characterization 
in section 3.1.3. 
3.2.4 Effect of torch diameter on OES  
Comparison of optical emission spectra of CAPPLAT Ar plasma jets with different torch 
diameters is shown in Fig. 3-15. It can be seen that the plasma radiation increased remarkably with 
the decrease in the torch diameter. As we discussed in section 3.1.4, considering the difference in the 
discharge areas, the current density increased significantly with the decrease in the torch diameter, 
although the discharge current changed slightly with the change in the torch diameter. On the other 
hand, the velocity of the Ar stream increased with the decrease in the torch diameter, which is 
helpful for the transport of active species. All of these may probably be used to explain the increase 
in the plasma radiation with the decrease in the torch diameter. 
3.2.5 Effect of additive gas (N2 or O2) on OES 
Changes in emission intensities of excited Ar atoms at 696 nm, N2 (C3∏u — B3∏g) at 357 nm, and 
excited O atoms at 777 nm with the increasing concentration of N2 gas are shown in Fig.3-16 (a), (b), 
and (c), respectively. The plasma jet was strongly modified when N2 gas was injected directly into 
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the Ar stream. From Fig. 3-16 (a), it is seen that the emission intensities of excited Ar atoms 
decreased considerably after the addition of N2 gas. As discussed above, electron collisions were 
dominant and Ar metastables were highly quenched by the resonant reaction with N2 molecules. 
Therefore, the emission intensities of excited Ar atoms decreased dramatically when N2 gas was 
injected directly into the Ar stream. Nearly all excited Ar atoms are quenched by the added N2 
molecules when the N2 addition is more than 300 smlpm. From Fig. 3-16 (b), it is seen that the 
emission intensities of N2 (C3∏u — B3∏g) increased significantly when trace of N2 was added. 
However, their emission intensities decreased drastically with the N2 addition of more than 100 
smlpm because of the quenching effect. From Fig. 3-16 (c), it is seen that similar to the excited Ar 
atoms, the emission intensity of O atoms decreased with the increasing N2 addition. As described 
above, Ar metastables play an important role in the generation of O atoms. When N2 gas is injected 
directly into the Ar stream, the N2 molecules quench the Ar metastables to a large extent. 
Consequently, this leads to a decrease in the generation of O atoms.  
Changes in emission intensities of excited Ar atoms at 696 nm, N2 (C3∏u — B3∏g) at 357 nm, 
and excited O atoms at 777 nm with the increasing concentration of O2 gas are shown in Fig. 3-17 
(a), (b), and (c), respectively. From Fig. 3-17 (a), it is seen that the emission intensities of excited Ar 
atoms decreased only slightly after the addition of O2 gas. When O2 gas was added to the plasma 
afterglow zone through a glass capillary, no significant quenching effect was observed. It is because 
that electrons and ions are not present in the plasma afterglow zone. From Fig. 3-17 (b), it is seen 
that the emission intensities of N2 (C3∏u — B3∏g) were scarcely affected with the concentration of 
added O2 gas. As discussed above, N2 (C3∏u — B3∏g) is mainly generated through a resonant 
reaction between Ar metastables and ground-state molecular N2. However, the concentration of Ar 
  70
metastables scarcely changed when O2 gas was added to the plasma afterglow zone through a glass 
capillary, since the Ar metastables are generated through collisions with energetic electrons in the 
electric field (discharge region). This can be used to explain why the emission intensities of N2 
(C3∏u — B3∏g) were scarcely affected with the increasing concentration of added O2 gas. From Fig. 
3-17 (c), it is seen that the emission intensity of O atoms decreased with the increasing concentration 
of added O2 gas. We have to note that when O2 gas was added to the plasma afterglow zone, the 
emission intensities of both excited Ar atoms and O atoms decreased (see Fig. 3-17 (a) and (c)). This 
suggests that a new active species is probably created. We presume that newly generated O atoms 
were quickly transformed to O3 through combination with the added O2 molecules; this presumption 
is based on the fact that we identified a much stronger ozone smell during the experiment. This helps 
explain why the number of O atoms decreased with the increasing concentration of added O2. In the 
future, we intend to measure the density of ozone quantitatively by using absorption spectroscopy. 
On the other hand, we investigated the decay of active species at the axial direction of the plasma 
jet. Changes in emission intensities of excited Ar atoms at 696 nm, N2 (C3∏u — B3∏g) at 357 nm, 
and excited O atoms at 777 nm in Ar, Ar/N2, and Ar/O2 plasmas at different axial positions are 
shown in Fig. 3-18 (a), (b), and (c), respectively. From Fig. 3-18 (a), it is seen that the emission 
intensities of excited Ar atoms in Ar and Ar/O2 plasmas decreased gradually along the axial direction. 
The tendency of excited Ar atoms to decay in Ar/O2 plasma is almost the same as that in Ar plasma. 
This suggests that the decay of excited Ar atoms along the axial direction is mainly due to the 
collisions with molecules in the atmosphere. However, their emission intensities scarcely changed 
with differing axial positions in Ar/N2 plasma. From Fig. 3-18 (b), it is seen that after N2 gas was 
injected, the emission intensities of N2 (C3∏u — B3∏g) increased at positions close to the exit of the 
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plasma jet and decayed more quickly along the axial direction. As mentioned above, most Ar 
metastables are quenched by N2 molecules and N2 (C3∏u — B3∏g) become the main energy carrier 
after the injection of N2 gas. Therefore, in this case, N2 (C3∏u — B3∏g) decayed more quickly 
through collisions with molecules in the atmosphere. On the other hand, in Ar and Ar/O2 plasmas, 
the emission intensities of N2 (C3∏u — B3∏g) decayed slightly along the axial direction. From Fig. 
3-18 (c), it is seen that the emission intensity of excited O atoms scarcely decayed along the axial 
direction. It suggests that the concentration of O atoms in the plasma jet scarcely changed along the 
axial direction. 
3.2.6 Effect of connection mode on OES 
Comparison of optical emission spectra of CAPPLAT Ar plasma jets with different 
connection modes is shown in Fig. 3-19. It can be seen that comparing to the normal connection 
mode the plasma radiation became quite weak with the reverse connection mode, although the 
nominal applied voltage is identical in these two cases. As we discussed in section 3.1.6, for the 
normal and the reverse connection modes, the distributions of the electric field strength inside the 
plasma torch are quite different from each other. It was found that the discharge current decreased 
dramatically with the reverse connection mode, suggesting that the energy transfer to the Ar gas is 
quite low in this case. On the other hand, as we well known, the generation of active species is 
mainly controlled by the properties of the discharge, namely by the reduced local electric field 
strength and electron density. This can probably be used to explain why the plasma radiation is quite 
weak with the reverse connection mode. 
4 Conclusions 
We have developed a surface discharge plasma device (CAPPLAT) that is able to generate a 
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non-equilibrium atmospheric pressure Ar plasma jet. An Ar/N2 plasma jet was successfully generated 
by injecting N2 gas directly into the Ar stream. However, no plasma jet was generated when the O2 
gas was added by such direct injection, because of the considerable quenching effect of O2. 
Therefore, we developed a new injection method by which we added O2 gas to the plasma afterglow 
zone through a glass capillary. Through this new injection method, we also successfully obtained an 
Ar/O2 plasma jet. 
In this study, the electrical and optical properties of CAPPLAT Ar plasma jet were characterized. 
In particular, the effects of dielectric thickness, torch diameter, Ar flow rate and additive gas (N2 or 
O2) on these properties were investigated in detail. First, a simple equivalent R-C parallel circuit 
model was employed to evaluate the discharge characteristics of CAPPLAT Ar plasma jet. Using this 
equivalent circuit, the discharge current was roughly calculated from the total current and the 
capacitive current. According to the observed waveforms of the applied voltage and the discharge 
current, it was concluded that the discharge of CAPPLAT Ar plasma jet was a glow-like discharge. 
The electrical properties scarcely changed with the injection of the additive gas either directly into 
the Ar stream or into the plasma afterglow zone through a glass capillary. On the basis of this 
observation, a simple discharge mechanism was proposed. According to this mechanism, in the first 
step, Ar molecules are excited and ionized through collisions with energetic electrons. In this step, 
energy is transferred to the Ar particles, and Ar metastable atoms are generated. In the second step, 
Ar metastable atoms, the main energy carriers, are used to generate N2 (C3∏u) and O atoms through 
collisions with N2 or O2 molecules. Additionally, it was found that the glow-like discharge scarcely 
changed with the change in dielectric thickness, torch diameter, and Ar flow rate. 
OES characterization revealed that Ar active species belonging to excited Ar atoms (4p-4s 
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transition) were predominant in the CAPPLAT Ar plasma jet (in the wavelength range of 690–950 
nm). Peaks belonging to the N2 second positive system (N2 (C3∏u — B3∏g)) were also observed. N2 
(C3∏u — B3∏g) (E ≈ 11.1 eV) were generated through a resonant reaction between Ar metastables 
(E ≈ 11.5 eV) and ground-state molecular N2. However, peaks belonging to the N2 first negative 
system ((N2+ (B2Σ+u — X2Σ+g)) (E ≈ 18.7 eV) were not detected, since the excitation energy was 
insufficient. Additionally, an O atom peak was detected at 777 nm, with rather weak emission 
intensity. A small quantity of O atoms was generated through collisions between the excited Ar 
atoms and molecular O2. The plasma radiation was strongly modified when N2 gas was injected 
directly into the Ar stream. In this case, Ar metastables were highly quenched. This resulted in a 
marked decrease in the emission intensities of excited Ar and O atoms. Additionally, after the 
injection of N2 gas, N2 (C3∏u) became the main energy carrier, since most of Ar metastables were 
quenched by the N2 molecules. When O2 gas was added to the plasma afterglow zone through a glass 
capillary, no significant quenching effect was observed, since electrons and ions are not present in 
the afterglow zone. In this case, the emission intensities of excited Ar atoms decreased only slightly. 
Interestingly, the emission intensity of excited O atoms decreased with increasing concentration of 
added O2. We presumed that the newly generated O atoms were quickly transformed to O3 through 
combination with the added O2 molecules. 
    Finally, we attempted the reverse connection mode with CAPPLAT plasma device. It was found 
that both the electrical and the optical properties of the plasma jet changed significantly with the 
reverse connection mode. With reverse connection mode the discharge current became very low, 
although a higher applied voltage was employed. On the other hand, the plasma radiation is quite 
weak with reverse connection mode. We assumed that the distribution of the electric field strength 
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inside the plasma torch is quite different from the normal connection mode. It was presumed that the 
electric field strength and the energy density reduce from the high-voltage electrode to the ground 
electrode. Therefore, with the reverse connection mode (in this case, the inner electrode is grounded), 
the electric field strength and the energy density are quite weak inside the plasma torch. It resulted in 
a very low discharge current and rather weak plasma radiation. 
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Tab. 3-1 Summary of active species (wavelength range of 350–950 nm) detected in CAPPLAT Ar 
plasma jet at a distance of 5 mm from the end of torch. Discharge conditions: pure Ar discharge at a 
flow rate of 10 SLM, dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to 
peak) with 50% duty cycle, discharge frequency of 20 kHz. 
Species λ (nm) Absolute irradiance (μW/cm2/nm) Transition 
N2 2nd positive system 
357.52 0.0513 
C3∏u → B3∏g 380.27 0.0191 
405.79 0.0065 
Ar atoms 
696.53 0.0836 
4p → 4s 
707.60 0.0049 
728.03 0.0239 
739.22 0.0124 
751.67 0.0484 
764.06 0.2036 
773.03 0.1764 
795.47 0.0295 
801.91 0.0489 
812.00 0.1031 
827.13 0.1889 
842.87 0.0709 
852.57 0.0192 
867.57 0.0021 
912.68 0.2654 
922.70 0.0351 
O atoms 777.87 0.0032 3p → 3s 
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Fig. 3-1 Schematic illustration of CAPPLAT plasma torch. (a): front view; (b): top view. 1: glass 
capillary; 2: inner electrode; 3: dielectric; 4: outer electrode. 
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Fig. 3-2 Schematic of addition process of additive gas. (a): N2 addition; (b): O2 addition. 
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Fig. 3-3 Electrical measurement setup for CAPPLAT Ar plasma jet. 1: CAPPLAT plasma torch; 2: 
High-voltage pulsed power source; 3: Oscilloscope; 4: High-voltage probe; 5: Current probe. 
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Fig. 3-4 Schematic of equivalent circuit model for CAPPLAT Ar plasma jet. 
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Fig. 3-5 (a): Typical waveforms of applied voltage (black line) and total current (red line); (b): 
Waveforms of total current (current 1), capacitive current (current 2), and discharge current during 
polarity change. Discharge conditions: pure Ar discharge at a flow rate of 10 SLPM, dielectric 
thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to peak) with 50% duty cycle, 
discharge frequency of 20 kHz. 
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Fig. 3-6 Dependence of discharge current on nominal applied voltage. Note: discharge currents were 
calculated using the equivalent circuit model. Peak to peak values of discharge current and nominal 
applied voltage are given in the figure. Discharge conditions: pure Ar discharge at a flow rate of 10 
SLPM, dielectric thickness of 2 mm, with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-7 Waveforms of total current (current 1), capacitive current (current 2), and discharge current 
during polarity change. Discharge conditions: pure Ar discharge at a flow rate of 5 SLPM, dielectric 
thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to peak) with 50% duty cycle, 
discharge frequency of 20 kHz. 
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Fig. 3-8 Comparison of waveforms of total current (current 1), capacitive current (current 2), and 
discharge current during polarity change with different dielectric thicknesses. (a): thickness of 1 mm; 
(b): thickness of 5 mm. Discharge conditions: pure Ar discharge at a flow rate of 10 SLPM, nominal 
applied voltage of 16.0 kV (peak to peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-9 Waveforms of total current (current 1), capacitive current (current 2), and discharge current 
during polarity change with mini-CAPPLAT plasma torch. Discharge conditions: pure Ar discharge 
at a flow rate of 10 SLPM, dielectric thickness of 1 mm, nominal applied voltage of 16.0 kV (peak to 
peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-10 (a): Comparison of waveforms of total current (current 1) in Ar discharge before and after 
N2 injection during polarity change; (b): Comparison of waveforms of total current (current 1) in Ar 
discharge before and after O2 addition during polarity change. Discharge conditions: Ar flow rate of 
10 SLPM, additive gas (N2 or O2) flow rate of 0.5 SLPM, dielectric thickness of 2 mm, nominal 
applied voltage of 16.0 kV (peak to peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-11 Waveforms of total current (current 1), capacitive current (current 2), and discharge current 
during polarity change with reverse connection mode. Discharge conditions: pure Ar discharge at a 
flow rate of 10 SLPM, dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to 
peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-12 Typical optical emission spectrum of CAPPLAT Ar plasma jet measured by USB4000 
spectrometer at a distance of 5 mm from the end of torch. Discharge conditions: pure Ar discharge at 
a flow rate of 10 SLPM, dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to 
peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-13 Comparison of optical emission spectra of CAPPLAT Ar plasma jets at different Ar flow 
rates, measured by USB4000 spectrometer at a distance of 5 mm from the end of torch. Discharge 
conditions: pure Ar discharge, dielectric thickness of 2 mm, nominal applied voltage of 10.0 kV 
(peak to peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-14 Comparison of optical emission spectra of CAPPLAT Ar plasma jets with different 
dielectric thicknesses, measured by USB4000 spectrometer at a distance of 5 mm from the end of 
torch. Discharge conditions: pure Ar discharge at a flow rate of 10 SLPM, nominal applied voltage 
of 12.0 kV (peak to peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Fig. 3-15 Comparison of optical emission spectra of CAPPLAT Ar plasma jets with different torch 
inner diameters, measured by USB4000 spectrometer at a distance of 5 mm from the end of torch. 
Discharge conditions: pure Ar discharge at a flow rate of 10 SLPM, dielectric thickness of 1 mm, 
nominal applied voltage of 12.0 kV (peak to peak) with 50% duty cycle, discharge frequency of 20 
kHz. 
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Fig. 3-16 Changes in emission intensities of excited Ar atoms at 696 nm (a), N2 (C3∏u — B3∏g) at 
357 nm (b), and excited O atoms at 777 nm (c) with increasing concentration of N2 additive gas at a 
distance of 5 mm from the end of the torch. Discharge conditions: Ar flow rate of 10 SLPM, 
dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to peak) with 50% duty 
cycle, discharge frequency of 20 kHz. Note: excited Ar atoms at 696 nm and N2 (C3∏u — B3∏g) at 
357 nm are selected as representatives for the excited Ar atoms and N2 second positive system, 
respectively. 
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Fig. 3-17 Changes in emission intensities of excited Ar atoms at 696 nm (a), N2 (C3∏u — B3∏g) at 
357 nm (b), and excited O atoms at 777 nm (c) with increasing concentration of O2 additive gas at a 
distance of 5 mm from the end of the torch. Discharge conditions: Ar flow rate of 10 SLPM, 
dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to peak) with 50% duty 
cycle, discharge frequency of 20 kHz. Note: excited Ar atoms at 696 nm and N2 (C3∏u — B3∏g) at 
357 nm are selected as representatives for the excited Ar atoms and N2 second positive system, 
respectively. 
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Fig. 3-18 Changes in emission intensities of excited Ar atoms at 696 nm (a), N2 (C3∏u — B3∏g) at 
357 nm (b), and excited O atoms at 777 nm (c) in Ar, Ar/N2, and Ar/O2 plasmas at different axial 
positions. Discharge conditions: Ar flow rate of 10 SLPM, additive gas (N2 or O2) flow rate of 0.5 
SLPM, nominal applied voltage of 16.0 kV (peak to peak) with 50% duty cycle, discharge frequency 
of 20 kHz. Note: excited Ar atoms at 697 nm and N2 (C3∏u — B3∏g) at 357 nm are selected as 
representatives for the excited Ar atoms and N2 second positive system, respectively. 
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Fig. 3-19 Comparison of optical emission spectra of CAPPLAT Ar plasma jets with normal 
connection mode (red line) and reverse connection mode (black line), measured by USB4000 
spectrometer at a distance of 5 mm from the end of torch. Discharge conditions: pure Ar discharge at 
a flow rate of 10 SLPM, dielectric thickness of 2 mm, nominal applied voltage of 16.0 kV (peak to 
peak) with 50% duty cycle, discharge frequency of 20 kHz. 
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Chapter 4 Comparison and Application of Two Types of Atmospheric 
Pressure Cold Argon Plasma Jets 
1 Introduction 
In chapter 2, we characterized the electrical properties of a RF capacitive cold Ar plasma jet 
(APC plasma jet) using a high-voltage probe and a current probe. Further, optical emission 
spectrometry (OES) was employed to identify the active species in this RF capacitive Ar plasma jet. 
In chapter 3, electrical and optical properties of a surface discharge Ar plasma jet (CAPPLAT plasma 
jet) were characterized. In order to get better understanding for the electrical and optical properties 
of these two different atmospheric pressure cold Ar plasma jets, both the physical and the chemical 
properties (such as jet length, jet temperature, discharge behavior and the mechanism of plasma 
chemical reactions) of APC Ar plasma jet and CAPPLAT Ar plasma jet were compared in this study. 
In particular, effects of an additive gas (N2 or O2) on the physical and chemical properties of these 
two Ar plasma jets were compared and discussed. 
 Nowadays, atmospheric pressure cold Ar plasma jet is the most promising tool for the polymer 
surface treatment since both the complicated vacuum system and the expensive He gas are 
unnecessary. Additionally, the plasma jet is not spatially confined by electrodes, which is very 
attractive for the treatment of complex shaped samples in the afterglow zone. On the other hand, 
high-density polyethylene (HDPE) is widely used in a variety of applications since it has good 
chemical resistance and high rigidity. However, in most cases (such as adhesion, printing, etc.), the 
hydrophilicity of HDPE surface is highly desirable to be improved since its wettability is not good 
for the practical use. To demonstrate an application of these two Ar plasma jets, high-density 
polyethylene (HDPE) surface treatment was performed using the CAPPLAT Ar plasma jet and the 
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APC Ar plasma jet. In particular, the effects of additive gas (N2 or O2) on the HDPE surface 
treatment were investigated and compared in detail. 
2 Experimental set up and methods 
2.1 Plasma devices  
   Two types of plasma devices were used in the experiments. One plasma device is a radio 
frequency (RF) capacitive plasma device and another plasma device is a pulsed surface discharge 
plasma torch. The RF capacitive plasma system is called APC plasma. APC plasma torch consists of 
two parallel perforated Al electrodes; the inner electrode is connected to a RF power source with a 
frequency of 27.12 MHz through an impedance matching network, and the outer electrode is 
grounded. In APC plasma torch, ceramic is used as an insulator between the two electrodes. The 
pulsed surface discharge plasma system is called CAPPLAT plasma. CAPPLAT plasma torch is 
composed of two co-axial cylindrical electrodes; the inner electrode is connected to a high-voltage 
pulsed power source with a frequency of several tens of kHz, and the outer electrode is grounded. In 
CAPPLAT plasma torch, a silicone tube (thickness: 2mm) was used as dielectric barrier between the 
two electrodes. The schematic illustrations of CAPPLAT plasma torch and APC plasma torch are 
shown in Fig. 3-1 and Fig 2-1, respectively. Both CAPPLAT and APC plasma devices are able to 
generate cold Ar plasma jet at atmospheric pressure. The main properties of the two plasma jets are 
listed in Table 4-1. 
2.2 Preparation of HDPE samples and conditions for plasma surface treatment  
HDPE pellets were purchased from Aldrich Chemistry. The melt index of the pellets is 12.00 
g/min (190°C/2.16 kg, ASTMD 1238). The pellets were shaped into 5-mm-thick plates by a 
heat-molding machine at a molding temperature and pressure of 140°C and ca. 6.5 MPa, respectively. 
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The shaped plates were then cut into 12 mm × 38 mm bars for further investigations. Finally, the 
samples were purified by methanol in a supersonic oscillator and then dried at room temperature.  
During the plasma surface treatment, the samples were placed on an X-Y axial movable stage 
driven by software (CP-310 Tool) and then exposed to the plasma at a certain scan speed. In order to 
compare the treatment effect of HDPE surface using the two plasma jets, the treatment distance and 
the treatment time were maintained at 5 mm and 5 s, respectively. Treatment distance is defined as a 
distance from the end of the torch to the sample’s surface. In the experiments, scan speed was 
calculated from the treatment time and the diameter of the plasma jet. An invariable applied voltage 
(±8.0 kV) with a square-wave amplitude at a 50% duty cycle and a constant frequency of 20 kHz 
were used in the CAPPLAT discharge experiments. A constant RF power of 100 W with a frequency 
of 27.12 MHz was employed in the APC discharge experiments. Ar gas was used as the working gas 
with the both plasma devices. In order to investigate the effects of the additive gas (N2 or O2) on the 
HDPE surface treatment, trace of N2 or O2 was introduced as the additive gas into the two plasma 
jets, respectively. The flow rates of the working gas and the additive gas for CAPPLAT plasma and 
APC plasma are shown in Table 4-1. All flow rates were controlled by a mass flow controller. We 
should note that in APC plasma system, N2 or O2 as additive gas was injected directly into the Ar 
stream. However, in CAPPLAT plasma system, the injection approaches for N2 and O2 are different. 
In case of N2 addition, similar to APC plasma system, N2 gas was injected directly into the Ar stream. 
In case of O2 addition, we attempted such direct injection approach; however, nearly no plasma jet 
was observed because of the considerable quenching effect of O2. Therefore, we developed a new 
injection method. We added O2 gas to the afterglow zone of the CAPPLAT plasma jet through a 
glass capillary placed at the center of the torch (see Fig. 3-1). In this case, O2 mixed with the 
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CAPPLAT Ar plasma jet in the afterglow zone. The difference in the injection approaches for the N2 
and O2 is shown in Fig. 3-2 (a) and (b). 
2.3 Electrical measurement  
Electrical characterizations were performed for both APC plasma jet and CAPPLAT plasma jet. 
The voltage applied to the RF discharge or to the surface discharge was measured using a 10:1 
voltage probe (Tektronix P6139 10X Passive Probe 063-0870-05) and a 1000:1 high-voltage probe 
(Tektronix P6015A), respectively; the discharge current was monitored using a wide band current 
monitor (PearsonTM current monitor) manufactured by Pearson Electronics Inc., Palo Alto, California, 
U.S.A. Further, a Tektronix TDS3012C digital phosphor oscilloscope was employed to record the 
waveforms of discharge voltage and discharge current. 
2.4 Measurement of optical emission spectra  
Optical emission spectra (OES) of CAPPLAT plasma jet and APC plasma jet were collected 
perpendicular to the plasma jet using an Ocean Optics USB4000 spectrometer (spectra range of 
350–950 nm) with a resolution of 0.2 nm full width at half-maximum (FWHM); this was achieved 
using a personal computer equipped with relevant software (SpectraSuite) for both driving and 
acquisition. Prior to the OES measurement, the USB4000 spectrometer was calibrated using a 
standard halogen light source. Therefore, absolute irradiance of the active species in the plasma was 
obtained. During the OES measurement, the exposure time was 100 ms. Emission intensities of the 
active species were collected at a distance of 5 mm from the end of the torch through an optical fiber 
with a diameter of 100 µm.  
2.5 Measurement of contact angle of water  
Water contact angles (WCA) of HDPE samples were measured using a Kyowa contact angle 
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meter. For each sample, measurements were performed at 5 different points. The value of the WCA 
was obtained by averaging the results at these five points. 
2.6 Measurement of XPS 
XPS measurement was carried out by using a Perkin Elmer ESCA 5600 machine. Mg-Kα ray 
with a voltage of 15 kV and a power of 400 W was used as X-ray source. Take-off angle of 
photoelectron was fixed at 45°. The pressure in the chamber was kept at less than 5.0×10-8 Torr.  
3 Results and discussion 
3.1 Comparison of physical properties of APC and CAPPLAT plasma jets 
3.1.1 Jet length 
Under the normal operating conditions, Ar flow rate was maintained at 10 SLPM in CAPPLAT 
system; and Ar flow rate of 20 SLPM was employed in APC system. Then, the velocities of Ar 
stream in CAPPLAT and in APC can be calculated from the Ar flow rate and the torch diameter, 
respectively. It was found that the velocity of Ar stream in CAPPLAT jet is lower than in APC 
plasma jet. However, from Table 4-1, it is clearly seen that the jet length of CAPPLAT plasma is 
nearly one order of magnitude longer than APC plasma. On the other hand, considering the velocity 
of Ar stream and the life time of active species, the active species in CAPPLAT plasma jet is 
impossible to travel to the axial position at a distance of 35 mm from the discharge region at a speed 
of gas stream velocity. Obviously, the velocity of Ar stream is not the dependent factor for the 
determination of jet length. As we discussed in section 4.3 of chapter 1, photo-induced ionization 
should be considered in the formation of plasma jet. Actually, it was found that the traveling velocity 
of the plasma jet is several orders of magnitude faster than the gas flow velocity [1]. Using the 
model discussed in chapter 1, we can easily explain the difference in the jet lengths of CAPPLAT 
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and APC plasma. In chapter 1, we discussed the three requirements which must be fulfilled for the 
streamer propagation under low or zero electric field. (1) The number of new positive ions created 
by the avalanche must be equal to the number of ions in the original sphere (n+); (2) The diffusion 
radius of the avalanche head must be smaller than r0; (3) the avalanche must reach the required 
amplification before the two charge regions begin to overlap, (i.e., 2r0 ≤ r2) [2]. In APC system, the 
traveling of positive ions is very difficult since the polarity change is very fast (54.34 MHz). 
Therefore, the two charge regions are easily overlapped before the avalanche reaches the required 
amplification. This may probably be used to explain why the jet length of APC plasma is much 
shorter than CAPPLAT plasma. 
3.1.2 Jet temperature 
Under the normal operating conditions, Ar flow rate of 10 SLPM, nominal applied voltage of 
16.0 kV (peak to peak) were employed in CAPPLAT system; and Ar flow rate of 20 SLPM, RF 
power of 100 W were employed in APC system, respectively. From Table 4-1, it can be seen that the 
jet temperatures of the two Ar plasma jets are quite different. As we discussed in chapter 3, a pulsed 
power supplier was employed in CAPPLAT system. A large and instantaneous pulse current forms 
when the high voltage was applied and switched off (see Fig. 3-5 (a)). The breakdown took place 
and the Ar plasma jet was generated under the strong pulse current and the high voltage. However, 
the duration of application of both voltage and current is quite short in a single period. This is why 
the temperature of the CAPPLAT plasma jet is as high as room temperature. On the other hand, a RF 
power supplier was employed in APC system. The dissipated power in the APC plasma is much 
higher than CAPPLAT plasma. It is why the temperature of APC plasma jet is relatively higher.  
3.1.3 Effect of additive gas (N2 or O2) on electrical properties 
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As we discussed in chapter 2, at a higher input RF power (60 W ~ 105 W), the discharge of 
APC plasma jet became an abnormal glow discharge. This abnormal glow is an α-mode discharge 
[3-6]. In the α-mode, the discharge is sustained by bulk ionization. The electrons are oscillating with 
drifting amplitude and are trapped in the bulk plasma region [7-8]. It was found that the discharge 
voltage decreased and the current increased with the addition of the additive gas (N2 or O2) (see Fig. 
2-8). On the other hand, the plasma temperature increased when the additive gas was added into 
APC plasma jet (see Fig. 2-9). We assumed that the direct collisions of additive gas molecules with 
energetic electrons changed the plasma impedance and the RF capacitive matching. However, 
through the observed waveforms of the discharge voltage and RF current, the addition of additive 
gas scarcely changed the discharge behavior of APC Ar plasma jet. On the other hand, through the 
electrical characterization, it was found that the discharge in CAPPLAT plasma jet is a glow-like 
(diffuse) barrier discharge and not filamentary barrier discharge (see Fig. 3-5). Surprisingly, both the 
discharge current and the plasma temperature scarcely changed when the additive gas was injected 
either directly into CAPPLAT Ar stream or into the plasma afterglow zone through a glass capillary. 
On the basis of this result, we proposed a simple discharge mechanism for CAPPLAT Ar plasma jet. 
First, Ar molecules are excited and ionized through collisions with energetic electrons. In this step, 
energy is transferred to the Ar particles and the Ar active species (Ar metastable atoms) are produced. 
Second, N2 or O2 molecules are excited through collisions with energetic Ar metastable atoms. 
Nitrogen active species (N2 (C3∏u)) and oxygen active species (O atoms) are then generated. This 
discharge mechanism is quite different from the APC Ar plasma jet. As we discussed in chapter 2, 
the direct collisions between additive gas molecules and energetic electrons play a very important 
role in the generation of nitrogen and oxygen active species in APC Ar plasma jet. 
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3.2 Comparison of chemical characteristics of APC and CAPPLAT plasma jets 
3.2.1 Plasma chemical reactions in two Ar plasma jets 
Comparison of optical emission spectra of the two Ar plasma jets in the wavelength range of 
350-950 nm is shown in Fig. 4-1. It can be seen that categories of the active species in the two Ar 
plasma jets are identical but the emission intensities are quite different from each other. We can also 
see that peaks of Ar active species belonging to the excited Ar atoms (4p-4s transition) are 
predominant in the two plasma jets (in the wavelength of 690 nm to 950nm) [9, 10]. Peaks at 357 
and 380 nm belonging to the N2 second positive system (N2 (C3∏u — B3∏g)) were also observed. 
Additionally, the peak of O atoms at 777nm was detected in the two Ar plasma jets [9]. Both 
nitrogen active species (N2 (C3∏u — B3∏g)) and oxygen active species (O atoms) were detected in 
the two pure Ar plasma jets because impurities (N2 and O2) from the Ar gas or from the atmosphere 
are excited and dissociated. As we discussed in chapter 2 and chapter 3, emission lines of excited Ar 
atoms are generated through the following reactions: 
e* + Ar0 → Arm + e                                                          (4-1) 
e* + Arm → Ar* (4p) + e                                                      (4-2) 
Ar* (4p) → Ar* (4s) + hν                                                     (4-3) 
From Fig. 4-1, it can be clearly seen that the distribution of emission intensities of excited Ar 
atoms in the two Ar plasma jets is quite different from each other. We infer that the different gas 
rotational temperatures lead to the difference in the distribution of emission intensities of the active 
species in the two plasma jets. On the other hand, emission band of the nitrogen second positive 
system is generated though the following reactions [10]:  
Arm + N2 (X1Σ+g) → Ar0 + N2 (C3∏u)                                           (4-4) 
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N2 (C3∏u) → N2 (B3∏g) + hν                                                 (4-5) 
From Fig. 4-1, it can be clearly seen that the emission intensities of N2 (C3∏u — B3∏g) are 
relatively stronger in CAPPLAT plasma jet than in APC plasma jet. As we abovementioned, N2 
(C3∏u) is mainly generated through the resonant reaction between the Ar metastables and 
ground-state molecular N2 (see reaction (4-4)). In CAPPLAT plasma system, N2 (C3∏u) from both 
the discharge region and the afterglow zone is able to be transported to a certain distant position 
from the exit (a distance of 5 mm in the experiment). Additionally, the Ar stream velocity of 
CAPPLAT plasma is slower than APC plasma, which is helpful for the entry of N2 into the plasma 
jet. On the other hand, in APC plasma system the electron temperature and the electron density are 
relatively higher than CAPPLAT plasma. Consequently, N2 (C3∏u) generated in the discharge region 
is quickly transformed to N2+ (B2Σ+u) through the successive collisions with energetic electrons. 
Once the ionic nitrogen species (N2+ (B2Σ+u)) is formed, it will be trapped in the discharge region by 
the polarity change with a very high frequency. Therefore, only N2 (C3∏u — B3∏g) from the 
afterglow zone can be observed in case of APC Ar plasma jet. It was why the emission intensities of 
N2 (C3∏u — B3∏g) are much weaker in APC plasma jet. 
  Interestingly, it can be clearly seen that the emission intensity of O atoms is much weaker in 
CAPPLAT plasma jet than in APC plasma jet. As we discussed in chapter 2, in the Ar discharge, 
excited O atoms at 777 nm can probably be generated through the following channels [9, 11-13]: 
Ar* + O2 (X3Σ-g) → O (1D) + O (3P) + Ar0                                       (4-6) 
e* + O2 (X3Σ-g) → e + [O (1D) or O (1S)] + O (3P)                                 (4-7) 
e* + O2 (X3Σ-g) → 2e + O2+ (b4Σ-g)                                             (4-8) 
e* + O2+ (b4Σ-g) → 2O (3P)                                                   (4-9) 
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It was reported that the most probable channel for the formation of O atoms was through 
collisions between the oxygen molecular ions (O2+) and electrons (see reaction (4-9)) [14]. Therefore, 
collisions of oxygen molecules with energetic electrons are the crucial channel for the formation of 
O atoms in Ar discharge (see reaction (4-8)). However, as we discussed in section 3.1.3, reaction 
(4-6) is the only channel for the generation of O atoms in CAPPLAT Ar plasma. It was because both 
nitrogen and oxygen active species are generated through collisions with Ar metastables in 
CAPPLAT plasma system. Different generation mechanisms in the two plasma jets lead to the 
different emission intensities of O atom at 777 nm. 
3.2.2 Effect of additive gas (N2 or O2) on plasma chemical reactions 
 Effects of additive gas (N2 or O2) on optical properties of APC plasma jet and CAPPLAT 
plasma jet have been investigated in chapter 2 and chapter 3, respectively. Interestingly, the emission 
intensities of N2 (C3∏u — B3∏g) increased significantly when trace of N2 gas was added into 
CAPPLAT Ar plasma (see Fig. 4-2 (a)); however, their emission intensities increased only slightly 
when the same amount of N2 gas was added into APC Ar plasma (see Fig. 4-2 (b)). As we discussed 
in chapter 2, in the Ar discharge, the nitrogen molecular ions (N2+ (B2Σ+u)) can probably be 
generated through the following channels [10, 15-16]: 
e* + N2 (X1Σ+g) → N2+ (B2Σ+u) + 2e                                            (4-10) 
e* + N2 (C3∏u) → N2+ (B2Σ+u) + 2e                                            (4-11) 
Ar+ + N2 (X1Σ+g) → Ar0 + N2+ (X2Σ+g)                                          (4-12) 
N2+ (X2Σ+g) + e* → N2+ (B2Σ+u) + e                                            (4-13) 
We assumed that new nitrogen active species (such as N2+ (B2Σ+u)) were generated in APC 
plasma after the addition of N2 additive gas. Then N2+ (B2Σ+u) was trapped in the discharge region by 
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the high-frequency polarity change. This assumption can explain why the emission intensities of N2 
(C3∏u — B3∏g) increased only slightly when trace of N2 gas was added into APC Ar plasma jet. 
As we discussed above, the direct collisions between O2 molecules and energetic electrons play a 
very important role in the generation of O atoms in APC Ar plasma jet. Therefore, when trace of O2 
gas was added into APC Ar plasma jet a lot of O atoms were generated through reactions (4-7) , 
(4-8) and (4-9) above. It is helpful to explain why the emission intensity of O atoms at 777 nm 
increased significantly with the addition of O2 gas (see Fig. 4-2 (b)). However, in case of CAPPLAT 
plasma, the emission intensity of O atoms at 777 nm decreased inversely when O2 gas was added 
into the afterglow zone of plasma jet through a glass capillary (see Fig. 4-2 (a)). As we discussed 
above, in CAPPLAT plasma jet the O atoms are mainly generated through reaction (4-6). The 
emission intensities of excited Ar atoms decreased when O2 gas was added into the afterglow zone of 
the plasma jet, suggesting that more O atoms were produced through reaction (4-6). Therefore, we 
assumed that the newly generated O atoms were quickly transformed through the following reactions 
[17, 18]:  
O (1D) + O2 (X3Σ-g) → O3                                                    (4-14) 
O3 + O (1D) → 2O2 (X3Σ-g)                                                   (4-15) 
When O2 gas was added we identified a much stronger ozone smell during the experiment, since 
the reaction rate of reaction (4-14) is much faster than reaction (4-15). This helps explain why the 
emission intensity of O atoms at 777 nm decreased inversely when O2 gas was added into the 
afterglow zone of plasma jet through a glass capillary. 
3.3 Application of APC and CAPPLAT Ar plasma jets 
3.3.1 HDPE surface treatment by two Ar plasma jets 
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Comparison of WCA values of HDPE samples treated by CAPPLAT plasma and APC plasma is 
shown in Fig. 4-3. Comparing with untreated HDPE, the WCA value dropped significantly and a 
hydrophilic surface was formed when the HDPE surface was treated by the two Ar plasma jets, 
respectively. Interestingly, with the same treatment time and at the same treatment distance, nearly 
the same WCA value was obtained when the HDPE surface was treated by the two plasma jets, 
respectively. Figure 4-4 shows surface chemical compositions of HDPE samples measured by XPS. 
Compared to the untreated HDPE surface, oxygen element on the treated HDPE surface significantly 
increased. It suggests that a lot of O-containing functional groups were introduced onto the HDPE 
surface after the plasma treatment. These polar functional groups are responsible for the 
hydrophilicity enhancement of HDPE surface. Additionally, nitrogen element on HDPE surface 
changed slightly after the plasma treatment.  
According to the OES, we can see that the emission intensities of O atoms in the two Ar plasma 
jets are quite weak, especially for CAPPLAT Ar plasma jet (see Fig. 4-1). However, according to 
XPS results, it was shown that a lot of O-containing functional groups were formed during the 
plasma treatment. Therefore, besides O atoms, other active species in the plasma jet, such as Ar 
metastable atoms and N2 (C3∏u), should also be considered for use in HDPE surface treatment. In 
actuality, we have successfully deposited poly (methyl methacrylate) (PMMA) films via CAPPLAT 
Ar plasma polymerization using methyl methacrylate monomer [19]. This suggests that energetic Ar 
metastables play an important role in the generation of radicals in the plasma. On the basis of this 
observation, we propose a probable process for HDPE surface treatment using the two Ar plasma jets. 
First, the HDPE surface is bombarded with the energetic active species (Ar metastable atoms, N2 
(C3∏u), O atoms etc.) and large numbers of radicals are generated on the HDPE surface. Second, 
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these radicals react with O2 molecules in the atmosphere and then numerous O-containing functional 
groups are formed on the HDPE surface.  
3.3.2 Effect of additive gas (N2 or O2) on HDPE surface treatment 
Figure 4-5 shows the effect of additive gas (N2 or O2) on HDPE surface treatment using 
CAPPLAT plasma jet and APC plasma jet. It can be seen that using the two Ar plasma jets, the 
effects of additive gas (N2 or O2) on the HDPE surface treatment are quite different from each other. 
The WCA value of treated HDPE surface increased slightly when trace of N2 or O2 was added into 
CAPPLAT Ar plasma jet. However, the WCA value of treated HDPE surface decreased significantly 
when the same amount of N2 or O2 was added into APC Ar plasma jet.  
Changes in the roughness of HDPE surface during the plasma treatment are negligible in this 
study, since the plasma etching on the HDPE surface scarcely occurs in atmospheric pressure Ar 
plasma treatment. Therefore, it can be considered that the change in the WCA suggests the change in 
the number of functional groups on the HDPE surface. As is well known, Wa = γL (1 + cosθ), where 
Wa is the work of adhesion on a polymer surface; γL is the interfacial tension of the tested liquid; and 
θ is the contact angle of the polymer surface. Further, Wa is proportional to the number of functional 
groups on the polymer surface, formed during the plasma treatment. As mentioned above, in addition 
to the O atoms, both Ar metastable atoms and N2 (C3∏u) contribute to the generation of functional 
groups. Namely, the number of functional groups on the polymer surface, formed during the plasma 
treatment, is proportional to the concentrations of all active species in plasma. Thus, we can 
construct the following expression. 
 Wa = γL (1 + cosθ) = C (a [Ar*] + b [N2*] + c [O]),                                 (1) 
where C is a constant; [Ar*], [N2*] and [O] are the concentrations of excited Ar atoms, N2 (C3∏u) 
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and O atoms in the plasma; and a, b, and c are coefficients associated with [Ar*], [N2*] and [O], 
respectively. As the concentrations of excited species are proportional to their emission intensities, 
equation (1) can be rewritten as equation (2), where I(Ar*), I(N2*) and I(O) are the respective 
emission intensities in the plasma: 
    Wa = γL (1 + cosθ) = C′ (a′ I(Ar*) + b′ I(N2*) + c′ I(O)),                           (2) 
From equation (2), we can see that the number of functional groups on the polymer surface, 
formed during the plasma treatment, is proportional to the effective total emission intensity of all 
active species in plasma. Then, equation (2) above is applied to HDPE samples treated with 
CAPPLAT Ar, CAPPLAT Ar/N2, and CAPPLAT Ar/O2 plasmas and the following equations are 
obtained. 
   γL (1 + cosθAr) = C′ (a′ I(Ar*)Ar + b′ I(N2*)Ar + c′ I(O)Ar),                           (3) 
γL (1 + cosθAr/N2) = C′ (a′ I(Ar*)Ar/N2 + b′ I(N2*)Ar/N2 + c′ I(O)Ar/N2),                      (4) 
γL (1 + cosθAr/O2) = C′ (a′ I(Ar*)Ar/O2 + b′ I(N2*)Ar/O2 + c′ I(O)Ar/O2),                      (5) 
where θ denotes the WCA on the HDPE surface treated with CAPPLAT Ar, CAPPLAT Ar/N2 and 
CAPPLAT Ar/O2 plasmas, respectively. The subscripts indicate the plasma gases. 
Hence, we can solve the above equations for coefficients a′, b′ and c′. Consequently, the ratio of a′ 
to b′ to c′ is obtained, which is approximately 1 : 4 : 398. This ratio suggests that Ar metastable 
atoms, N2 (C3∏u) and O atoms have different capabilities for the generation of functional groups on 
a polymer surface. Therefore, the effective total emission intensities of all active species in 
CAPPLAT Ar, CAPPLAT Ar/N2 and CAPPLAT Ar/O2 plasmas are expressed as follows:  
      IAr = a′ I(Ar*)Ar + b′ I(N2*)Ar + c′ I(O)Ar,                                      (6) 
IAr/N2 = a′ I(Ar*)Ar/N2 + b′ I(N2*)Ar/N2 + c′ I(O)Ar/N2,                                    (7) 
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IAr/O2 = a′ I(Ar*)Ar/O2 + b′ I(N2*)Ar/O2 + c′ I(O)Ar/O2.                                    (8) 
Given that coefficient a′ is 1, from the ratio of a′ to b′ to c′, the effective total emission 
intensities of all active species in CAPPLAT Ar, CAPPLAT Ar/N2 and CAPPLAT Ar/O2 plasmas 
were calculated using the above expressions. Similarly, the effective total emission intensities of all 
active species in APC Ar, APC Ar/N2 and APC Ar/O2 plasmas were also calculated from the ratio of 
a′ to b′ to c′.  
Since the number of functional groups on the polymer surface, formed during the plasma 
treatment, is proportional to the quantities of all active species in plasma, which is also proportional 
to the effective total emission intensity of all active species. Therefore, stronger effective total 
emission intensity means more functional groups are generated during the plasma treatment. 
Changes in effective total emission intensities of all active species in the two Ar plasma jets before 
and after the addition of the additive gas (N2 or O2) are shown in Fig. 4-6. In case of CAPPLAT 
plasma, it is apparent that the effective total emission intensity decreased slightly when trace of N2 
or O2 was added (see Fig. 4-6). It suggests that the effective total quantities of energetic active 
species in CAPPLAT plasma decreased after the addition of N2 or O2. Based on the process proposed 
above, it is inferred that fewer radicals were generated on the HDPE surface when the additive gas 
(N2 or O2) was added into CAPPLAT Ar plasma. This is helpful to explain why the WCA value 
increased slightly when trace of N2 or O2 was added into CAPPLAT plasma. On the other hand, it 
can be seen that the effective total emission intensity increased significantly when trace of O2 was 
added into APC plasma (see Fig. 4-6), suggesting that the effective total quantities of energetic 
active species increased remarkably after the addition of O2. This may probably explain why the 
WCA value decreased significantly when trace of O2 was added into APC Ar plasma. Interestingly, a 
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lower WCA value was also obtained when trace of N2 was added into APC plasma, though the 
effective total emission intensity decreased significantly in this case (see Fig. 4-6). We monitored the 
treatment temperature during the plasma treatment. We should note that the treatment temperature 
(29 °C) scarcely changed when trace of additive gas (N2 or O2) was added into CAPPLAT plasma jet. 
On the other hand, the treatment temperature (120 °C) changed slightly when trace of O2 gas was 
added into APC Ar plasma jet; however, the treatment temperature decreased to 106 °C when the 
same amount of N2 gas was added. We assume that numerous newly generated nitrogen ionic species 
(N2+ (B2Σ+u)) are trapped in the discharge region, which leads to a remarkable decrease in the 
radiation of active species in the plasma afterglow zone. This may probably explain the significant 
decrease in the treatment temperature when trace of N2 gas was added into APC plasma. On the 
other hand, it was reported that the glass transition temperature (Tg) of the polymer surface is much 
lower than that of the bulk [20]. Thereby, surface molecular motion is much more active. During 
APC Ar plasma treatment, the treatment temperature is very close to the melt point of HDPE (about 
130 °C). Therefore, the formed functional groups on the surface, with a very high free energy, are 
much easier to diffuse into the bulk in this case. During APC Ar/N2 plasma treatment, more 
functional groups were easily remained on the HDPE surface because the treatment temperature is 
much lower than the melt point. This probably is helpful to explain why the WCA value decreased 
when trace of N2 was added into APC plasma, though the effective total quantities of energetic active 
species decreased significantly in this case. High resolution XPS spectra for C1s peaks of HDPE 
samples treated by APC plasmas are shown in Fig. 4-7. Comparing with Fig. 4-7 (b), it is clearly 
seen that more heavier oxidized carbon species with binding energy of 287.5 eV and 289.0 eV, 
which are assigned to –C=O- and –O=C-O- bond, are observed on the APC Ar/N2 plasma-treated 
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HDPE surface (See Fig. 4-7 (c)). It is completely consistent with our assumption above. 
A summary for HDPE surface treatment by the two Ar plasma jets is shown in Table 4-2. From 
this summary, we can conclude that the effective total emission intensity and the treatment 
temperature are two very important factors for HDPE surface treatment. Stronger effective total 
emission intensity suggests more effective energetic active species in the plasma, which results in the 
generation of more polar functional groups on HDPE surface. On the other hand, the molecular 
motion on polymer surface is not negligible when the treatment temperature is relatively high. 
Especially, when the treatment temperature is close to the melt point of the polymer, a lot of formed 
functional groups diffuse into the bulk of the polymer during the plasma treatment. 
3.3.3 Stability of HDPE surface treated by two Ar plasma jets  
Changes in WCA values of HDPE samples with the aging time are shown in Table 4-3 and Fig. 
4-8, respectively. It can be seen that the WCA values increased dramatically within 24 hours, and 
then increased gradually with the aging time. Many authors reported the mechanism of the increase 
in the WCA value or the loss in the wettability after polymer surface was treated by plasma [21-24]. 
It was reported that the scission of polymer chain occurs and then numerous low molecular weight 
organic materials (LMWOM) are formed during the plasma treatment. The tendency for the 
reorientation or migration increases with the decrease in molecular weight of polymer surface. 
Therefore, the hydrophobic recovery of treated HDPE surface attributes to the inward-diffusion, 
agglomeration or reorientation of mobile LMWOM on the surface. Interestingly, we should note that 
the WCA value increased slightly within 24 hours when the HDPE sample was treated by APC Ar 
plasma. This was because numerous O-containing functional groups already diffused into the bulk 
during the plasma treatment, since the treatment temperature is very close to the melt point of HDPE. 
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Additionally, we can see that comparing to the untreated HDPE surface a relatively stable 
hydrophilic surface was still remained even after an aging time of one month. It suggests that both 
CAPPLAT Ar plasma jet and APC Ar plasma jet are very effective for the HDPE surface treatment. 
4 Conclusions 
Both the physical and the chemical characteristics of the two Ar plasma jets (APC plasma jet 
and CAPPLAT plasma jet) were compared in this study. The electrical characteristics showed that 
the discharges of APC Ar plasma jet and CAPPLAT Ar plasma jet are glow (glow-like) discharges. 
As we mentioned in chapter 1, realizing stable Ar glow discharges at atmospheric pressure is very 
meaningful for the application of homogenous plasma treatment with lower costs since the 
complicated vacuum systems and the expensive He gas are unnecessary. On the other hand, the two 
Ar plasma jets are not spatially confined by electrodes and the jet length reaches several tens of 
millimeters (in case of CAPPLAT plasma jet). It is very helpful for the treatment of complex shaped 
samples in the afterglow zone. Additionally, it was shown that the jet temperatures of the two Ar 
plasma jets are relatively low, which is very attractive for the treatment of thermal sensitive 
materials. 
To demonstrate an application of these two Ar plasma jets, CAPPLAT plasma jet and APC 
plasma jet were employed to the HDPE surface treatment. In particular, effects of the additive gas 
(N2 or O2) on the HDPE surface treatment were investigated and compared in detail. OES revealed 
that categories of the active species in the two Ar plasma jets are identical. However, the emission 
intensities of active species in the two Ar plasma jets are quite different. Using the two Ar plasma 
jets, a large number of O-containing functional groups were formed on the HDPE surface during the 
plasma treatment, though the concentration of O atoms in the two Ar plasma jets is rather low. On 
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the basis of this observation, we proposed a probable process for HDPE surface treatment using the 
two Ar plasma jets. First, the HDPE surface is bombarded with the energetic active species (Ar 
metastable atoms, N2 (C3∏u), O atoms etc.) and then large numbers of radicals are generated on the 
HDPE surface. Second, these radicals react with O2 molecules in the atmosphere and then numerous 
O-containing functional groups are formed on the HDPE surface. From the process proposed above, 
we can see that in addition to the O atoms, both Ar metastable atoms and N2 (C3∏u) contribute 
to the generation of functional groups on HDPE surface. Considering the different capabilities of 
Ar metastable atoms, N2 (C3∏u) and O atoms for the generation of functional groups, we constructed 
and calculated the effective total emission intensity of all active species in the two Ar plasma jets. It 
was found that the effective total emission intensity is a very important factor for HDPE surface 
treatment. Stronger effective total emission intensity suggests more effective energetic active species 
in the plasma, which results in the generation of more polar functional groups on HDPE surface. 
It proved that both CAPPLAT plasma jet and APC plasma jet are very effective for the HDPE 
surface treatment. However, the effects of the additive gas (N2 or O2) on the HDPE surface treatment 
are quite different from each other. It was shown that comparing to the pure Ar plasma treatment, the 
WCA value of treated HDPE surface increased slightly when trace of the additive gas (N2 or O2) was 
injected into CAPPLAT plasma. It was because the effective total quantities of energetic active 
species in CAPPLAT plasma decreased after the addition of additive gas (N2 or O2). On the other 
hand, the WCA value of treated HDPE surface decreased significantly when trace of O2 was added 
into APC plasma; since the effective total quantities of energetic active species increased 
significantly after the addition of O2. The WCA value of treated HDPE surface also decreased when 
trace of N2 was added into APC plasma, though the effective total quantities of energetic active 
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species decreased in this case. It was because more O-containing functional groups were easily 
remained on the HDPE surface at a lower treatment temperature. It was inferred that the treatment 
temperature is another very important factor for HDPE surface treatment. The molecular motion on 
HDPE surface is not negligible when the treatment temperature is relatively high. Especially, when 
the treatment temperature is close to the melt point of HDPE, a lot of formed functional groups 
diffuse into the bulk during the plasma treatment. 
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Tab. 4-1 Comparison of physical properties of CAPPLAT plasma jet and APC plasma jet. 
Items CAPPLAT plasma jet APC plasma jet 
Power supplier 
AC square-wave pulsed power 
with frequency of 20 kHz 
RF power with frequency of 
27.12 MHz 
Main gas flow rate Ar gas at flow rate of 10 SLPM Ar gas at flow rate of 20 SLPM
Additive gas flow 
rate 
N2 or O2 at flow rate of 30 
smlpm 
N2 or O2 at flow rate of 30 
smlpm 
Jet length 35-40 mm 3-6 mm 
Jet diameter 6 mm 25 mm 
Jet temperature 22–35 °C 80–120 °C 
Discharge behavior 
Glow-like 
(diffuse barrier discharge) 
Glow 
(RF α-mode discharge) 
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Tab. 4-2 Summary for HDPE surface treatment by two Ar plasma jets. 
Note: HDPE samples were treated for 5 seconds at a treatment distance of 5 mm. During APC 
plasma treatment, Ar flow rate and the additive gas (N2 or O2) flow rate were maintained at 20 
SLPM and 30 smlpm, respectively. During CAPPLAT plasma treatment, Ar flow rate and the 
additive gas (N2 or O2) flow rate were maintained at 10 SLPM and 30 smlpm, respectively. Only 
active species in the wavelength range of 350 – 950 nm are counted in the effective total emission 
intensity. Temperatures of HDPE surface during the plasma treatment (treatment temperature) were 
monitored by a thermocouple. WCA was measured immediately after the plasma treatment. O/C 
ratio was calculated from the measurement of XPS. 
 
 
 
 
Plasmas 
Effective total 
emission intensity 
(μW/cm2/nm) 
Treatment 
temperature 
(ºC) 
WCA 
(º) 
O/C ratio
(%) 
CAPPLAT  Ar 4.82 29 36.6 22.5 
CAPPLAT  Ar/N2 4.58 29 40.2 19.4 
CAPPLAT  Ar/O2 4.76 29 38.8 22.2 
APC       Ar 16.12 120 36.1 22.7 
APC       Ar/N2 7.89 106 28.7 28.9 
APC       Ar/O2 33.16 123 23.6 34.8 
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Tab. 4-3 Changes in WCA values of HDPE samples treated by two Ar plasma jets. 
Note: investigation of changes in WCA values of plasma-treated HDPE samples was performed in 
the atmosphere at room temperature (25 ºC). WCA was measured at different aging time since the 
sample was treated by plasma. WCA-0 means that the WCA was measured immediately after the 
plasma treatment. 
 
 
 
 
Samples 
WCA-
0 
(days)
WCA-
1 
(days)
WCA-
3 
(days)
WCA-
7 
(days)
WCA-
14 
(days)
WCA-
21 
(days) 
WCA-
30 
(days)
Untreated  HDPE 90.6 90.6 90.6 90.6 90.6 90.6 90.6 
CAPPLAT  Ar 36.6 47.2 51.3 52.7 56.1 58.5 62.9 
CAPPLAT  Ar/N2 40.2 50.8 51.8 53.2 56.3 61.6 63.5 
CAPPLAT  Ar/O2 38.8 49.4 52.2 52.8 58.8 62.9 63.1 
APC       Ar 36.1 38.6 42.6 44.3 47.1 50.3 56.6 
APC       Ar/N2 28.7 34.6 39.9 41.1 44.8 45.7 47.4 
APC       Ar/O2 23.6 32.1 35.6 39.7 44.4 44.7 50.5 
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Fig. 4-1 Comparison of typical optical emission spectra of CAPPLAT Ar plasma jet and APC Ar 
plasma jet measured by Ocean Optics USB4000 spectrometer at a distance of 5 mm from the end of 
torch. CAPPLAT discharge conditions: pure Ar discharge at flow rate of 10 SLPM, applied voltage 
of ±8.0 kV with square-wave amplitude at 50% duty cycle and a frequency of 20 kHz. APC 
discharge conditions: pure Ar discharge at flow rate of 20 SLPM, RF power of 100 W with a 
frequency of 27.12 MHz. 
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 Fig. 4-2 Comparison of emission intensities of excited Ar atoms at 696 nm, N2 (C3∏u — B3∏g) at 
357 nm and excited O atoms at 777 nm before and after the addition of additive gas (N2 or O2). (a): 
in case of CAPPLAT plasma jet; (b): in case of APC plasma jet. Note: discharge conditions 
employed in CAPPLAT plasma and APC plasma are the same as those shown in Fig. 4-1 above. N2 
(C3∏u — B3∏g) at 357 nm and excited Ar atoms at 696 nm were selected as representatives for N2 
second positive system and excited Ar atoms, respectively. 
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Fig. 4-3 Comparison of WCA values of HDPE samples before and after the plasma treatment. 
HDPE samples were treated by CAPPLAT pure Ar plasma jet and by APC pure Ar plasma jet, 
respectively. Treatment time and treatment distance were maintained at 5 s and 5 mm, respectively. 
Ar flow rates in CAPPLAT plasma system and APC plasma system were maintained at 10 SLPM 
and 20 SLPM, respectively.  
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Fig. 4-4 Comparison of surface chemical compositions of HDPE samples before and after plasma 
treatment. (a): Comparison of typical XPS spectra; (b): Comparison of element percentages 
calculated from XPS measurement. HDPE samples were treated by CAPPLAT pure Ar plasma jet 
and APC pure Ar plasma jet, respectively. Treatment time and treatment distance were maintained at 
5 s and 5 mm, respectively. Ar flow rates in CAPPLAT plasma system and APC plasma system were 
maintained at 10 SLPM and 20 SLPM, respectively. 
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Fig. 4-5 Effect of additive gas (N2 or O2) on WCA of HDPE samples treated by CAPPLAT 
plasma jet and APC plasma jet, respectively. HDPE samples were treated for 5 seconds at a 
treatment distance of 5 mm. During CAPPLAT plasma treatment, Ar flow rate and the additive gas 
(N2 or O2) flow rate were maintained at 10 SLPM and 30 smlpm, respectively. During APC plasma 
treatment, Ar flow rate and the additive gas (N2 or O2) flow rate were maintained at 20 SLPM and 30 
smlpm, respectively. 
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Fig. 4-6 Changes in effective total emission intensities of CAPPLAT plasma jet (a), and APC plasma 
jet (b), before and after the addition of additive gas (N2 or O2). Note: discharge conditions employed 
in CAPPLAT plasma and APC plasma are the same as those shown in Fig. 4-1 above. Flow rate of 
the additive gas (N2 or O2) was maintained at 30 smlpm for CAPPLAT plasma system and APC 
plasma system. Only active species in the wavelength range of 350–950 nm are counted in the 
effective total emission intensity. 
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Fig. 4-7 High resolution XPS spectral analysis for C1s peaks of untreated HDPE (a), treated by APC 
Ar plasma (b), by APC Ar/N2 plasma (c), and by APC Ar/O2 plasma (d). Note: XPS measurement 
was performed immediately after HDPE samples were treated by plasma. 
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Fig. 4-8 Changes in WCA values of HDPE samples treated by CAPPLAT plasma jet and APC 
plasma jet. Note: investigation of changes in WCA values of plasma-treated HDPE samples was 
performed in the atmosphere at room temperature (25 ºC). WCA was measured at different aging 
time since the sample was treated by plasma.  
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Chapter 5 Summary 
Realizing stable Ar glow discharges at atmospheric pressure is very meaningful for the 
application of homogenous plasma treatment with lower costs, since the complicated vacuum 
systems and expensive helium gas are unnecessary. A RF capacitive atmospheric pressure cold 
plasma device was developed by Cresur Corporation of Japan. This plasma device has been 
commercialized under the name of “APC”. Using APC, a cold Ar plasma jet is able to be generated 
at atmospheric pressure. On the other hand, we have successfully developed a device that is able to 
generate a non-equilibrium atmospheric pressure Ar plasma jet of low temperature (22 to 35°C) 
using surface discharge fed by a high-voltage pulsed power source. This device has been 
commercialized under the name of “CAPPLAT” by Cresur Corporation of Japan. Though a variety 
of applications are being implemented, the electrical and the optical properties of these two 
atmospheric pressure cold Ar plasma jets have never been studied systematically. Therefore, it is 
highly desirable to get better understanding for the electrical and the optical properties of these two 
atmospheric pressure cold Ar plasma jets. 
In chapter 2, electrical properties of APC Ar plasma jet were characterized using a high-voltage 
probe and a current probe. According to the observed waveforms of discharge voltage and RF 
current, the discharge behavior was confirmed. In particular, the effects such as additive gas (N2 or 
O2), torch diameter, and feeding gas flow rate on the electrical properties of APC Ar plasma jet were 
investigated in detail. It was found that APC Ar plasma jet is a stable abnormal glow discharge (the 
RF α-mode discharge), and this discharge behavior scarcely changed with different Ar flow rates and 
different torch diameters. Further, optical emission spectrometry (OES) was employed to identify the 
active species in APC Ar plasma jet. OES revealed that Ar active species belonging to the excited Ar 
  134
atoms (4p-4s transition) are predominant in this plasma jet (in the wavelength range of 690–950 nm). 
Peaks belonging to the N2 second positive system (N2 (C3∏u — B3∏g)) were also observed. 
However, peaks belonging to the N2 first negative system ((N2+ (B2Σ+u — X2Σ+g)) (E ≈ 18.7 eV) 
were not detected. Additionally, an O atom peak was detected at 777 nm. Both the nitrogen and 
oxygen active species were detected in the pure Ar discharge because the impurities (N2 and O2) 
from the atmosphere were entrained into the plasma. Based on the electrical and optical 
characterizations, the chemical reactions of active species in APC Ar plasma jet were proposed. In 
particular, we investigated the effect of additive gas (N2 or O2) on the OES of APC Ar plasma jet. It 
was shown that the emission intensity of O atoms increased significantly when trace of O2 gas was 
added. However, the emission intensities of N2 (C3∏u — B3∏g) increased only slightly when the 
same amount of N2 gas was added. We assumed that the generated N2 (C3∏u) quickly transformed to 
N2+ (B2Σ+u) through the successive collisions with energetic electrons, and then the newly created 
N2+ (B2Σ+u) was trapped in the discharge region by a high frequency polarity change. 
In chapter 3, electrical properties of CAPPLAT Ar plasma jet were characterized using a 
high-voltage probe and a current probe. Further, optical emission spectrometry (OES) was employed 
to identify the active species in CAPPLAT Ar plasma jet. In particular, the effects of additive gas (N2 
or O2) on the electrical and optical characteristics of CAPPLAT Ar plasma jet were investigated in 
detail. According to the electrical characterization, it was found that CAPPLAT Ar plasma jet was a 
glow-like (diffuse barrier mode) discharge; and this discharge behavior scarcely changed with the 
injection of the additive gas either directly into the Ar stream or into the plasma afterglow zone 
through a glass capillary. On the basis of this observation, a simple discharge mechanism was 
proposed. According to this mechanism, in the first step, Ar molecules are excited and ionized 
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through collisions with energetic electrons. In this step, energy is transferred to the Ar particles, and 
Ar metastable atoms are generated. In the second step, Ar metastable atoms, the main energy carrier, 
are used to generate N2 (C3∏u) and O atoms through collisions with N2 or O2 molecules. On the 
other hand, OES characterization revealed that Ar active species belonging to the excited Ar atoms 
(4p-4s transition) are predominant in CAPPLAT Ar plasma jet (in the wavelength range of 690–950 
nm). Peaks belonging to the N2 second positive system (N2 (C3∏u — B3∏g)) were also observed. N2 
(C3∏u — B3∏g) (E ≈ 11.1 eV) were generated through a resonant reaction between Ar metastables 
(E ≈ 11.5 eV) and ground-state molecular N2. Additionally, an O atom peak was detected at 777 nm, 
with rather weak emission intensity. A small quantity of O atoms was generated through collisions 
between the excited Ar atoms and molecular O2. CAPPLAT plasma jet was strongly modified when 
N2 gas was injected directly into the Ar stream. In this case, Ar metastables were highly quenched; 
and N2 (C3∏u) became the main energy carrier. This resulted in a marked decrease in the emission 
intensities of excited Ar atoms and excited O atoms. When O2 gas was added to the plasma afterglow 
zone through a glass capillary, no significant quenching effect was observed, since electrons and ions 
are not present in the afterglow zone. In this case, the emission intensities of excited Ar atoms 
decreased only slightly. Interestingly, the emission intensity of excited O atoms decreased with 
increasing concentration of added O2. We presumed that the newly generated O atoms were quickly 
transformed to O3 through combination with the added O2 molecules. 
In chapter 4, both the physical and the chemical characteristics of APC Ar plasma jet and 
CAPPLAT Ar plasma jet were compared. The electrical characteristics showed that the discharges of 
APC plasma jet and CAPPLAT plasma jet are glow (glow-like) discharges, which is very meaningful 
for the application of homogenous plasma treatment with lower costs since the complicated vacuum 
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system and expensive He gas are unnecessary. Additionally, it was shown that jet temperatures of 
these two Ar plasma jets are relatively low, which is very attractive for the treatment of thermal 
sensitive materials. OES characterization revealed that categories of the active species in APC 
plasma jet and CAPPLAT plasma jet are identical but the emission intensities of active species are 
quite different from each other. It was because the reaction mechanisms of active species in the two 
Ar plasma jets are different from each other. In CAPPLAT plasma jet, firstly energy is transferred to 
the Ar particles through collisions with energetic electrons; and then Ar metastables are generated. 
Second, Ar metastables, the main energy carrier, are used to generate nitrogen and oxygen active 
species through collisions with N2 or O2 molecules. However, in APC plasma jet, the direct 
collisions between N2 or O2 molecules with energetic electrons play an important role in the 
generation of nitrogen and oxygen active species. 
To demonstrate an application of these two Ar plasma jets, high-density polyethylene (HDPE) 
surface treatment was performed using CAPPLAT Ar plasma jet and APC Ar plasma jet. In particular, 
the effects of additive gas (N2 or O2) on the HDPE surface treatment were investigated and 
compared in detail. It was concluded that the effective total emission intensity and the treatment 
temperature are two very important factors for HDPE surface treatment. Stronger effective total 
emission intensity suggests more effective energetic active species in the plasma, which results in the 
generation of more polar functional groups on HDPE surface. On the other hand, the molecular 
motion on polymer surface is not negligible when the treatment temperature is relatively high. 
Especially, when the treatment temperature is close to the melt point of the polymer, a lot of 
generated functional groups diffuse into the bulk of the polymer during the plasma treatment. 
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